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ABSTRACT
THE TORTOISE (WILDFIRE) AND THE HARE (HEAVY WINTER GRAZING) FOR
PROMOTING HETEROGENEITY AND IMPROVING ECOSYSTEM SERVICES
LUCAS W. ZILVERBERG
2019
The Northern Great Plains (NGP) mixed-grass prairie developed under fire,
grazing, and periodic droughts, which created a heterogeneous landscape. Since
European settlement, heterogeneous landscapes have declined due to fire suppression and
the maximization of livestock production, leading to the need for an alternative
management practice. Our overall project objective was to determine if heavy winter
grazing could be used as an alternative to patch-burn grazing for promoting heterogeneity
and improving ecosystem services in the NGP. Fire has been used very effectively in
patch-burn grazing management to create heterogeneity in pastures in some areas,
however burning is not readily adopted in many regions such as the NGP. The objectives
of this particular part of the project were to evaluate the effects of conventional
continuous season-long summer grazing, heavy winter grazing, and wildfire on the 1)
aboveground vegetation structural and compositional heterogeneity, 2) soil seed bank
heterogeneity, and 3) clonal traits of Bouteloua dactyloides for two years post-treatments.
Research was conducted at the South Dakota State University Cottonwood Range and
Livestock Field Station. The experiment was a randomized block design with three
treatments occurring in each of three pastures (blocks). Five exclosures were constructed
within each treatment within each pasture (15 exclosures/pasture); three 0.25-m2
permanent plots were randomly established in each exclosure. In each plot, total

xxi
vegetation cover, cover by species, percent bare ground, and litter cover were estimated
and vegetation height, and litter depth were separately measured in June and July for both
years. Biomass was estimated in July. Soil cores were collected within each exclosure in
October of both years to evaluate the emergent seed bank. Bouteloua dactyloides soil
cores were collected three times during the summer of the second year post-treatments.
Results indicate that heavy winter grazing and wildfire provided structural heterogeneity,
while only the wildfire reduced compositional heterogeneity aboveground and in the soil
seed bank. Clonal traits of Bouteloua dactyloides, including crown and stolon tiller and
bud production, were unaffected by treatments after the second year post-treatment. This
thesis contributes to the literature, pertaining to alternative management practices for
improving structural and compositional heterogeneity in the NGP mixed-grass prairie.
The author recommends future research expanding on heavy winter grazing and methods
described in this thesis.

1
CHAPTER 1: INTRODUCTION

History of the Northern Great Plains
The Northern Great Plains (NGP) are considered one of the largest grasslands in
the world (Bock et al. 1993), and encompass southern portions of Canada extending into
the Dakotas, Montana, Nebraska, and Wyoming (Havstad et al. 2009). The Northern
Great Plains we see today began to develop roughly 5,000-7,000 years ago with climate
change, triggering forests retreat north and grasslands to expand (Willms and Jefferson
1993). The climate changed from being warm and dry to having cycles of wet and dry
periods, similar to today’s climate (Manske 1999). More recently, expanses of grassland
have been significantly altered through conversion to agriculture for crop production and
grazing livestock (Anderson 2006). Agriculture, along with other human induced
disturbances has reduced vast amounts of grassland over the years (Sampson and Knopf
1994).
The climate in the NGP mixed-grass prairie is semiarid and continental with cold
winters and warm summers (Biondini et al. 1998). Powerful winds tend to occur
throughout the year. January temperatures average around -13oC, while July temperatures
average 21oC, the average freeze free period is 132 days (Biondini et al. 1998).
Precipitation usually ranges from 300 to 450-mm in the northern portion to 600-mm in
the southern portion of the NGP (Hoogland 1995). The variability in precipitation during
the current year is the most important factor affecting primary production, not the average
amount of precipitation (Barker and Whitman 1988). The majority of precipitation occurs
between the months of April to September (Barker and Whitman 1988), which usually
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favors grassland species over woodland and shrub-land species (Holechek et al. 1995).
The majority of trends in plant species composition and net primary production are a
result of climatic variations such as drought (Biondini et al. 1998) as well as other abiotic
and biotic factors.
The Northern Great Plains mixed-grass prairie evolved under periodic droughts,
fire, and grazing, which created a variety of plant communities throughout the landscape
that are essential for preservation of habitat and biodiversity (Higgins 1986, Willms and
Jefferson 1993). Collins and Barber (1986) found plant species diversity to be greatest
when combining multiple natural disturbances. They also noticed plant species diversity
to be lowest on undisturbed or severely disturbed grasslands.
Fire has had many impacts on the NGP and has been one of the major ecological
drivers of prairie vegetation (Vermeire et al. 2011). Historically, fires in the NGP were
started naturally by lightning strikes or intentionally by humans (Blair et al. 2014). Native
Americans were known to use fire as a management tool to herd bison for hunting
purposes (Higgins et al. 1987). Grasslands are generally flat, with gently rolling hills and
no natural firebreaks, so fire burned without interruption (Wells 1970, Blair et al. 2014).
Before European settlement, the prairies of Nebraska and Kansas had a mean fire return
interval of 3-5 years for a natural fire (Bragg 1986, Umbanhowar Jr 1996), but there are
few studies documenting pre-European settlement fire history of the Northern Great
Plains (Higgins 1986). Since European settlement, fires have mainly been eliminated due
to the fear of forage losses, limitations of labor, equipment, safety concerns, liability, and
fuel loads (Toledo et al. 2014). Since fire is not widely accepted in the NGP, brush
encroachment and degradation have occurred throughout different grasslands (Toledo et

3
al. 2014). The impact fire has on grassland vegetation varies with season, topography,
intensity, frequency, and weather patterns.
Herbivores, particularly bison (Bison bison), had an important role in the
development of current grasslands through their movements following fires and climatic
changes (Samson et al. 2004). Through these movements across the landscape bison
formed “patches” and created a mosaic of habitat with areas of heavy use and others with
minimal use (Samson et al. 2004). During European settlement in the NGP around 150
years ago, bison herds were systematically removed and replaced by domesticated cattle
(Bos taurus), changing the dynamics of the Northern Great Plains (Vavra et al. 1994).
The cattle industry began to change from open range herbivory to a ranch based industry
(Briggs 1934, Lauenroth et al. 1994). Also, grasslands were converted to cropland
(Higgins et al. 2002, Rashford et al. 2011). Cattle and bison are similar in the way they
forage on a landscape, they both prefer recently burned areas and they avoid steep slopes
(Allred et al. 2011). However, cattle tend to select areas that are closer to water and areas
with woody vegetation compared to bison (Allred et al. 2011). Bison also allocate less
time to grazing during the growing season than cattle (Steuter and Hidinger 1999, Kohl et
al. 2013). Since the introduction of cattle and ranch based industry, cattle have been
managed for the maximization of livestock production, which has led to the deterioration
of plant communities, loss of heterogeneity, and significant soil erosion (Lauenroth et al.
1994, Freese et al. 2014).
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Heterogeneity and Ecosystem Services
Heterogeneity is a critical component to conserving ecosystems such as the
Northern Great Plains and is a major driver of biodiversity (McGranahan et al. 2012,
Sliwinski 2017). A heterogeneous landscape can be described as having dissimilar or
diverse components or elements (Risser 1987). Grasslands have two forms of
heterogeneity including compositional and structural (Hovick et al. 2014). Structural
heterogeneity can be achieved by forming intensively disturbed areas (bare ground and
relatively short vegetation) and areas with minimal disturbances (mid-tall vegetation)
producing a landscape with dissimilar vegetation heights, litter cover, and bare soil
(Fuhlendorf et al. 2006, Hovick et al. 2014). Compositional heterogeneity consists of
having diversity of different cover types and functional groups (orgin, life span, and life
form) across the landscape (Perović et al. 2015). With the maximization of livestock
production and fire suppression, compositional and structural heterogeneity are being
reduced at both small (pasture) scales and large (landscape) scales (Fuhlendorf and Engle
2001, Derner et al. 2009). Traditional cattle management tends to reduce rangeland
heterogeneity and promote only a few key forage species (Fuhlendorf and Engle 2001). A
heterogeneous landscape is important, as it provides species diversity, habitat for a
variety of wildlife, and ecosystem function (Christensen 1997, Fuhlendorf and Engle
2001).
Having compositional and structural heterogeneity has a positive impact on living
organisms throughout the landscape. If the landscape is uniform only few species will
benefit, compared to a landscape with varying structure and species composition
(Fuhlendorf and Engle 2001). Grassland birds for example, are of great concern and are
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among the most imperiled group of species in the United States (Wilseyl et al. 2019).
Since 1970, grassland breeding birds have declined roughly 70% and are continuing to
decline (US North American Bird Conservation Initiative 2016). Grassland birds are a
great indicator of heterogeneity after a disturbance such as grazing or fire (Fuhlendorf et
al. 2009). Bird species that are present on grasslands today most likely evolved from a
heterogeneous landscape created from multiple disturbances (Fuhlendorf and Engle
2001). Grassland species need a mosaic of habitats to accommodate the demanding needs
of each individual species. No species has exactly the same requirements (i.e. niche) as
another species (Krausman et al. 2009). A heterogeneous grassland is important to
support multiple bird communities (Fuhlendorf and Engle 2001, Fuhlendorf et al. 2006).
Heterogeneity and biodiversity are not only important for birds and other wildlife;
they are essential for improving ecosystem services (Dronova 2017). Ecosystem services
are the benefits humans retain from an ecosystem (Millennium Ecosystem Assessment
2005). Ecosystem services can be divided into four categories: provisioning, regulating,
cultural, and supporting, which are all essential components on rangelands (Millennium
Ecosystem Assessment 2005). Grasslands provide several goods and services throughout
the NGP including: beef cattle, small grains, fiber, clean water, and air, recreation, habitat
for wildlife, and many more (Havstad et al. 2009). Improving grassland heterogeneity is
crucial for improving ecosystem services. This is evident based on the variability in
habitat requirements from grassland birds alone (Fuhlendorf and Engle 2001).
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Vegetation in the NGP Mixed-Grass Prairie
Aboveground vegetation
The Northern Great Plains mixed-grass prairie is a mixture of both short grasses
and mid-size grasses along with multiple forb species. The mixture of species is a
combination of both C3 and C4 plants (Lauenroth et al. 1994). Mid-size cool season
grasses, Pascopyrum smithii (Rydb), A. Löve (western wheatgrass), Hesperostipa comata
(Trin & Rupr.) Barkworth (needleandthread), and Nassella viridula (Trin.) Barkworth
(green needlegrass) dominate the mixed-grass prairie (Barker and Whitman 1988). The
dominant short grasses, which are the C4 plants, include Bouteloua gracilis (Willd. ex
Kunth) Lag ex Griffiths (blue grama) and Bouteloua dactyloides (Nutt.) J.T. Columbus
(buffalograss) (Lauenroth et al. 1994). Multiple species of the Cyperaceae (sedge) family
and numerous forbs species from families such as Asteraceae (Aster), Fabaceae
(Legume), and Lamiaceae (Mint) are present in the surrounding landscape. Common
forbs that dominate the mixed-grass prairie are Sphaeralcea coccinea (Nutt.) Rydb.
(scarlet globemallow), Achillea millefolium L. s.l (common yarrow) (Bonham and
Lerwick 1976, Lauenroth et al. 1994), and Artemisia ludoviciana Nutt. (cudweed
sagewort) (Larson and Johnson 1999). Vegetation varies in relation to topography and
climate throughout the mixed-grass prairie (Lauenroth et al. 1994). Cool season species
are more prevalent in the early growing season, while warm season species are more
prevalent in the later growing season (Singh et al. 1983). The vegetation aboveground
either arises from a seed bank (sexual reproduction) or bud bank (vegetative propagules;
(Harper 1977), which are both very important components to regeneration.
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Seed bank
A component of the aboveground vegetation originates from the seed bank, which
can help maintain species diversity and variability (Fenner and Thompson 2005). The
term seed bank refers to reserves of viable seeds found in or on the soil (Roberts 1981).
The seed bank is formed through periodic seed dispersal, which are products of sexual
reproduction from aboveground vegetation, dispersing via wind, animals, water, and man
(Bakker et al. 1996, Soons et al. 2004). The seed bank is also reliant on temporal
persistence, which refers to the longevity of seeds in the seed bank (Perkins et al. 2019).
Seed banks persist under multiple factors including: habitat change and disturbances such
as fire, grazing, and predation (Cavers 1983). Seed banks are a memory of historic plant
communities that are filled with an accumulation of dormant seeds ready to emerge
during disturbances (Sternberg et al. 2003). Seed banks are extremely important, as they
have the potential to restore and alter aboveground species composition within a
community (Egler 1954), but in perennial grasslands, the seed bank and aboveground
vegetation have little resemblance and are fairly different in species composition (Tracy
and Sanderson 2000, Lipoma et al. 2018) and species similarity is relatively low (ca.
54%) (Hopfensperger 2007).
Bud bank
In perennial grasslands, the bud bank plays a fundamental role in the community
structure, plant population persistence, and dynamics (Benson et al. 2004). The bud bank
is formed from plants that asexually reproduce independent offspring through vegetative
propagation, which are termed clonal plants (Mogie 1990, Liu et al. 2016). These clonal
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plants form identical offspring (ramets) (Harper 1977). Ramets typically stay connected
through horizontal spacers (stolons or rhizomes), which enables physiological integration
between the ramets (Dong 2011). The majority of horizontal spacers occur belowground
through dormant meristems (buds) associated with plant organs, such as rhizomes, bulbs,
corms, and tubers (Harper 1977), which accumulates to form the bud bank. Some species
such as buffalograss, form bud banks aboveground through horizontal spacers such as
stolons (Webb 1941). The majority of new tillers in perennial grasslands is from the bud
bank and in some perennial grassland ecosystems, such as the tallgrass prairie, it can
account for 99% of new tillers (Benson and Hartnett 2006). A difference between the
seed bank and the bud bank is the parent tiller is nearly always present in order for a bud
to survive, whereas a seed is independent once it is dispersed (Klimes 2007, Ott et al.
2019). Bud banks can vary in size within and among different species (Lehtilä 2000,
Klimes 2007). Many factors can influence the bud production, longevity, and dormancy
of perennial grasses in a prairie including climate, photosynthetic pathway, growth form
(Ott 2014), and disturbance (Russell et al. 2015).
Effects of Fire on Aboveground Plant Communities
Fire has been a major factor affecting the development of the Northern Great
Plains mixed-grass prairie. Fire can have major impacts on the vegetation community
structure and biodiversity of an ecosystem (Valone et al. 2002). Without fire or other
disturbances, excessive amounts of litter can accumulate, which alters habitat, physical
and chemical properties (e.g. light, temperature, infiltration) of the soil (Higgins et al.
1987), which impacts the plants (Vinton and Burke 1997). Fire can affect the amount of
biomass, standing dead, litter, bare soil, and annual production within a plant community
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(Redmann et al. 1993). As a whole, fire tends to reduce litter and standing dead, but
increase the amount of bare soil (White and Currie 1983). Fires can vary in size, timing,
frequency, and intensity (Collins and Barber 1986), which may impact the vegetation in
different ways.
A fire can occur as a wildfire, which typically happens during the summer when
there are warmer temperatures, drier fuel and air, and greater fuel loads, or it can be
prescribed, which can occur any time throughout the year (Vermeire et al. 2011). Native
flora evolved under wildfires, which created plants that are resillant and may be
physiologically less susceptible to future fire damage (Vermeire et al. 2011). Wildfires
tend to burn large dry areas of land, whereas prescribed fires are typically smaller and
more controllable; they are typically set with the goal of managing vegetation and
reducing wildfire hazard (Keeley and Rundel 2005, Pastro et al. 2011). Prescribed fires
are more capable of creating a shifting mosaic of vegetation within a pasture (Toombs et
al. 2010) compared to a wildfire, which burns large areas. A prairie fire, whether it is a
wildfire or prescribed fire, can vary in temperature on the soil surface from 83 to 680 °C
(Rice and Parenti 1978, Anderson 2006). The intensity of the fire is dependent on fuel
load, fuel condition, wind speed, topography, relative humidity (Blair et al. 2014), fire
history, soil moisture and time of day (Higgins et al. 1987). The season of fire plus the
timing and intensity of precipitation may also have a large impact on species composition
and structure of grassland vegetation (Collins 1990, Holden et al. 2007). Fire can also be
used as a tool to manage shrub and tree invasion and tends to optimize the growth of
perennial grasses (Scasta 2016). Fire can decrease undesirable species and increase the
amount of palatable plants (Wright 1974).
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Effects of Grazing on Aboveground Plant Communities
Along with fire, grazing has a major impact on plant communities of the NGP
(Samson et al. 2004). Multiple factors can change the dynamics of a plant community due
to grazing, including stocking rate, season of grazing, and grazing system (Smart et al.
2010). Stocking rate can be described as the number of animal units grazing for a certain
period of time, on a known area of land. In a mixed-grass prairie, overgrazing tends to
eliminate tall and mid size grasses and replace them with short grasses (Lauenroth et al.
1994). Overgrazing also favors the establishment of introduced species (DeKeyser et al.
2010) and woody encroachment via changes in the balance of resources (Archer et al.
2001, Eldridge et al. 2013). High stocking rates can reduce biomass and change selection
pressure by livestock, resulting in a homogenous landscape (Fuhlendorf and Engle 2001)
decreasing the overall range condition (Biondini et al. 1998). Heterogeneity is maximized
at a variety of stocking rates at a landscape scale (Fuhlendorf and Engle 2001).
The season of grazing is also important for managing livestock throughout the
NGP. There are many factors a manager must consider when deciding a grazing season
including: plant factors, physical site factors, animal factors, and economic and
environmental factors (Vallentine 2000). Grazing can occur anytime throughout the year,
but it mostly occurs during the growing season when plants are green and highly
nutritious. Yearlong grazing does occur in certain areas across the United States, but the
majority of time grazing occurs during a particular season of the year (Vallentine 2000).
Grazing during the winter when plants are dormant is the least detrimental to plants, plant
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growth has halted and standing crop is declining from weathering and wastage
(Vallentine 2000).
Rangelands can be managed with a variety of different grazing systems. A
grazing system can be defined as the manner in which the grazing and non-grazing
periods are arranged during a grazing season (Vallentine 2000). There are many different
types of grazing systems including: continuous season-long, deferred grazing, rest
rotation, high intensity/low frequency, and rotation grazing. The objective of a grazing
system is to increase production by ensuring key plant species are receiving adequate
resources (e.g. light, water, and nutrients) to promote growth (Briske et al. 2008).
Grazing systems are important, but Heitschmidt (1988) concluded that in semiarid
rangelands the impact of stocking rate is of much greater magnitude on plants than
grazing system.
Continuous season-long grazing is traditionally used in the NGP to maximize
individual animal performance and to minimize ecosystem degredation (Bement 1969,
Derner et al. 2009). Cattle that are managed with continuous season-long grazing tend to
select areas that lack accumulation of biomass from previous years, which produces areas
that are heavily grazed and other areas with little to no grazing, yielding heterogeneity at
a small scale (Fuhlendorf and Engle 2001). Managers and ranchers for years have
believed rotational grazing generated more benefits than continuous grazing, but multiple
studies indicate they are similar in many ways (Vallentine 2000, Briske et al. 2008).
There are multiple ways to manage grazing on a landscape and each factor mentioned
above can be utilized to produce heterogeneity in the NGP.
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Effects of Fire and Grazing Interaction on Plant Communities
Fire and grazing may be used together for management. Rest after a fire may vary
from 1-3 years, but federal agencies commonly require complete removal of livestock for
two years (Bureau of Land Management 2007, Fuhlendorf et al. 2009, Vermeire et al.
2014). Although federal agencies commonly recommend two years of recovery, livestock
grazing after fire is a way to maintain rangeland health as it resembles historic regimes
(White and Currie 1983). Herbivores grazing on recently burned and unburned areas
creates a shifting mosaic landscape, which is important for biodiversity (Fuhlendorf et al.
2009). On a burned site, ungulate behavior is driven by time since the burn, as they tend
to select forage from recently burned areas (Allred et al. 2011). Cattle select recently
burned areas due to the high forage quality and palatability (Scasta 2016). Cattle were
reported to spend nearly 75% of their time in the recently burned areas in a study by
Fuhlendorf and Engle (2004) . Fire and grazing together have been shown to increase
grass productivity in semi-arid rangeland plant communities (Vermeire et al. 2014). Long
evolutionary history suggests biodiversity can be enhanced by the interaction of fire and
grazing (Fuhlendorf and Engle 2001, Fuhlendorf and Engle 2004).

Effects of Fire and Grazing on the Soil Seed Bank
Fire and grazing do not only impact aboveground vegetation, they affect soil seed
bank diversity and abundance as well (Wright 1974). Fire can positively or negatively
affect the seed bank. Fire can impact the seed bank positively by releasing nutrients and
cleaning excessive litter, which allows light to reach the soil surface increasing soil
temperature and seed germination. The heat from a fire can potentially help seeds become
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non-dormant and emerge (Baskin and Baskin 1998). Fire can negatively impact the seed
bank by potentially destroying seeds on the soil surface and slightly below the surface
(Baskin and Baskin 1998). Seeds deeper in the soil are generally safer than those laying
on top, as the soil temperature typically remains relatively low during a fire (Baskin and
Baskin 1998). However, Lipoma et al. (2018) found seed abundance was significantly
lower in burned sites than unburned sites, and depth (shallow or deep seed bank) was not
a significant factor. Seeds of different species respond differently when exposed to a fire
and have dissimilar heat tolerances; for some species, seeds are destroyed instantly and
others survive for longer periods of time (Baskin and Baskin 1998).
Grazing can be managed different ways and each method affects the soil seed
bank. Seed bank characteristics are impacted by grazing pressure, type of livestock
(cattle, sheep, or goats), and habitat heterogeneity (Dreber and Esler 2011, Hu et al.
2019). Grazing by large herbivores has been shown to alter the density and species
composition of the soil seed bank (Johnston et al. 1969). Only intense grazing during the
growing season can result in total consumption of seeds; otherwise at least some seeds
are able to disperse (Lagroix-Mclean 1990). Sternberg et al. (2003) found, under
continuous season-long grazing, heavy stocking rates reduced the seed bank density of
grasses more than moderate grazing. Another factor that may impact the soil seed bank is
trampling effects. Trampling may alter the seed bank by changing the microenvironmental conditions preventing germination (Sanou et al. 2018). Overall, an
understanding of the soil seed bank is crucial for managing aboveground vegetation on a
landscape in any ecosystem (Hu et al. 2019). Studies have not clearly demonstrated the
seed bank response to heavy winter grazing.
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Effects of Fire and Grazing Impacts on the Bud Bank
Similar to the seed bank, the bud bank can be very responsive to disturbances
such as grazing and fire; which are important in understanding spatial and temporal
variability in grasslands (Blair et al. 2014). A disturbance of low severity will most likely
only affect the aboveground portion of the plant, but as severity increases it often affects
both the aboveground and belowground biomass including the bud bank of some grasses
(Klimes 2007).
Fire can change the dynamics of a bud bank from a variety of mechanism
including direct bud mortality, reductions in bud production, and alterations in the timing
of bud transitions (Ott et al. 2019). During a fire, the intensity can have an impact on the
belowground bud bank, but for the most part the transfer of heat into the soil tends to be
limited (Scott et al. 2010, Ott et al. 2019). The belowground buds of grasses and other
plants are usually well protected from the intensity of the fire (Higgins et al. 1987, Blair
et al. 2014). As mentioned above, fire removes litter and standing dead, which allows
light to reach the soil surface, and with adequate precipitation, this often stimulates bud
outgrowth (Ott et al. 2019). In North America, when fire frequency is high, bud bank
densities increase but when fire frequency is low bud bank densities decrease, which is
due to low light availability from dense litter and low nutrient availability (Ott et al.
2019).
In a recent study in the mixed-grass prairie, Russell et al. (2015) tested three
perennial grass bud banks and their response to season of fire. Grasses included blue
grama, western wheatgrass, and needleandthread. All three species showed no immediate
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bud mortality following a summer, fall, or spring burn. Their results, however, concluded
that bud activity in terms of active and dormant buds were affected in all three species
following moderate fire intensity. Some species increased following spring fires, where
other species went into dormancy during summer fires. Knowing this information allows
managers to understand future patterns of reproduction of perennial grasses following a
fire. More work is needed to further understand how dominant perennial grasses respond
to fire seasonality and intensity.
Grazing can change the dynamics of the bud bank by removing the source of
buds, which reduces photosynthesis needed for bud development and outgrowth of new
buds (Ott et al. 2019). Grazing by large herbivores can help reduce canopy density and
promote more rapid decomposition of litter, which can ultimately influence bud
outgrowth by increasing light and nutrient availability (Ott et al. 2019). A recent study
from Vanderweide and Hartnett (2015) looked at the effects grazing had on the
belowground bud bank during drought conditions. They concluded that the belowground
bud bank for grasses remained stable and ready to recruit to shoots when environmental
conditions became more favorable. The belowground bud bank is typically well protected
from grazing and direct mortality of buds is minimal (Briske 1991, VanderWeide and
Hartnett 2015). Dalgleish and Hartnett (2008) found grazing for a long period of time can
deplete the bud bank of many species, which may drive declines in relative abundance
and reduce overall grassland productivity (Ott et al. 2019).
Understanding the bud bank dynamics of a mixed-grass prairie can greatly
enhance management techniques to improve heterogeneity. Recent studies have
examined the dynamics of belowground bud banks, but there is very little knowledge
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pertaining to the aboveground bud banks from species such as buffalograss that
reproduce clonally through stolons. The bud bank should be included in studies focusing
on vegetation responses to disturbance at individual, population, and community levels
(Klimes 2007).

Research Overview
The overall purpose of this study is to compare the effects of conventional
continous season-long summer grazing, heavy winter grazing, and wildfire on the
structural and compositional heterogeneity of aboveground plant communites and the soil
seed bank in terms of species composition, richness, and diversity. Heavy winter grazing
was developed as a non-pyric alternative management practice as an effort to retain
heterogeneity benefits of patch-burn grazing since fire is not widely accepted in the NGP.
The original study design included only a comparison between continuous season-long
grazing and heavy winter grazing. A wildfire however, occurred at the Cottonwood Field
Station prior to the study initiation, allowing us to also incorporate the effects of fire in
the study.
The objectives of this project were to evaluate the effects of conventional
continous season-long summer grazing, heavy winter grazing, and wildfire on the 1) soil
seed bank heterogeneity, 2) aboveground vegetation structural and compositional
heterogeneity, and 3) clonal traits of buffalograss for two years post-treatments. The
alternative hypotheses for this study were:
1. Heavy winter grazing would maintain similar species composition,
richness, and diversity in the soil seed bank compared to conventional
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continous season-long summer grazing. Wildfire would reduce species
composition, richness, and diversity in the soil seed bank compared to
heavy winter grazing and conventional continous season-long summer
grazing for two years post-treatments.
2. Wildfire and heavy winter grazing would alter vegetion structure in terms
of vegetation height, litter cover, depth, and percent bare soil compared to
conventional continuous season-long summer grazing. Also, wildfire and
heavy winter grazing would have higher species composition, richness,
and diversity aboveground compared to conventional continuous seasonlong summer grazing for two years post-treatments.
3. The wildfire would have the largest impact on buffalograss clonal growth
traits in terms of crown and stolon tiller and bud production followed by
heavy winter grazing after two years post-treatments compared to
conventional continous season-long summer grazing.
This study filled a gap of knowledge by assessing the impact heavy winter
grazing has on the mixed-grass prairie of the NGP. This study was designed to look at the
whole picture and not just aboveground vegetation alone. It incorporated the
aboveground vegetation along with the soil seed bank and bud bank of the dominant
species buffalograss. This study occurred over a two-year period with both years having
very different precipitation regimes. Precipitation in the first-year post-treatment was
22% below 30-year long-term average; it was 5% above average in the second year posttreatment. The study also included sampling during both the cool and warm seasons (June
and July) for aboveground vegetation.
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The results of this project will be useful for management in the mixed-grass
prairie grasslands associated with semi-arid climates. It will also provide information
pertaining to the effects of a wildfire on the aboveground vegetation, seed bank, and bud
bank of buffalograss for two years of recovery.
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CHAPTER 2: HEAVY WINTER GRAZING AS AN ALTERNATIVE TO FIRE ON
SOIL SEED BANK HETEROGENEITY IN THE NORTHERN GREAT PLAINS

ABSTRACT
The mixed-grass prairie of the Northern Great Plains (NGP) developed under
multiple disturbances including fire, grazing and climatic changes such as drought.
Multiple disturbances are important for maintaining heterogeneity and biodiversity, but
due to fire suppression and the desire for maximum livestock production, heterogeneity
and ecosystem services are declining. Heterogeneity aboveground is partly dependent on
the soil seed bank, as it provides diversity and variability to the ecosystem. The seed bank
is a memory of viable seeds that are ready to emerge during disturbances. At the SDSU
Cottonwood Research Station, we evaluated impacts of wildfire (WF), heavy winter
grazing (WPG), and control (no treatment, CG) on pastures previously grazed with
conventional continous season-long summer grazing on aboveground species
composition and structure for two years post-treatment. The experiment was a
randomized block design with 3 treatments (CG, WF, and WPG) occurring in each of 3
pastures (blocks). Five exclosures were constructed within each treatment within each
pasture (15 exclosures/pasture). Two soil cores were collected within each exclosure and
combined to make one composite sample in October. Natives, annuals, and forbs
dominated the emergent seed bank in all three treatments for both years. Species
composition, diversity, evenness, richness, and seed density were significantly reduced in
the wildfire treatment for both years of recovery compared to CG and WPG. However,
heavy winter grazing maintained the soil seed bank compared to CG, but did not improve
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the overall heterogeneity. Our results suggest that wildfire has a negative effect on the
emergent seed bank compared to WPG and CG for at least two years post-treatment.
Heavy winter grazing may be used as an alternative to fire in the NGP, as it creates
structural and compositional heterogeneity aboveground, and maintains the heterogeneity
in the soil seed bank after two years post-treatment.

INTRODUCTION
The grasslands in the Northern Great Plains developed under periodic droughts,
fire, and substantial grazing pressure (Fuhlendorf and Engle 2001, Archibold 2012).
Historically, in the NGP an interaction of fire and grazing from native herbivores shifted
across the landscape creating a mosaic of habitats and heterogeneity (Fuhlendorf and
Engle 2004). Heterogeneity can be classified by having variability in vegetation stature,
species composition, density, and biomass (Fuhlendorf and Engle 2001). Heterogeneity
across the prairie is important for species diversity, ecosystem function, and habitat for
wildlife (Christensen 1997, Bailey et al. 1998, Fuhlendorf and Engle 2001). However,
since European settlement the grasslands have experienced fire suppression and the
maximization of livestock production from domesticated cattle (Scasta et al. 2016).
Heterogeneity is declining as a result, which is leading to the loss of habitat and
ecosystem function. With heterogeneity declining, many ecological processes such as the
interaction between plants and animals (Hunter and Price 1992) are being affected
causing ecosystem services to decrease (Fuhlendorf and Engle 2001). Ecosystem services
are the benefits (supporting, regulating, provisioning, and cultural) people obtain from an
ecosystem (Millennium Ecosystem Assessment 2005). Therefore, it is important to
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understand the full dynamics fire and grazing have on promoting heterogeneity within the
mixed-grass prairie.
Today in the Northern Great Plains, fire is not universally accepted as a viable
management tool because managers and ranchers are concerned about safety, labor,
forage losses, and liabilities (Toledo et al. 2014). In the Southern Great Plains tallgrass
prairie, the management practice of patch-burn grazing (PBG) is being implemented,
which mimics the historic interaction of fire and grazing creating diversity and
heterogeneity (Collins and Smith 2006, Scasta et al. 2016). Since fire is not accepted in
the NGP, an alternative management strategy is needed. Livestock have recently been
used as ecosystem engineers and an alternative to fire to promote structural and
compositional heterogeneity in semi-arid rangelands (Derner et al. 2009). Grazing, if
managed properly, can create and maintain habitat for big game species (Severson and
Urness 1994) as well as grassland dependent birds (Derner et al. 2009). Grassland
dependent birds require a gradient of vegetation structure that ranges from areas of
undisturbed thick cover to areas heavily grazed or burned that create short structure with
less litter and more bare soil (Knopf 1996). The overall goal of this study at the
Cottonwood Range and Livestock Field Station was to determine if heavy winter grazing
(WPG) could act as an alternative to PBG in the NGP mixed-grass prairie to create
vegetation structural and compositional heterogeneity.
The majority of studies using PBG have focused on the aboveground vegetation
composition, diversity (Teague et al. 2010, Augustine and Derner 2015), livestock
benefits (Vermeire et al. 2004, Allred et al. 2011), and wildlife benefits (Hovick et al.
2012, Augustine and Derner 2015). To our knowledge no studies of PBG have focused
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on the soil seed bank, which is a critical component of prairie ecosystems. Heavy winter
grazing has never been studied looking at either the aboveground vegetation or the soil
seed bank. A portion of the aboveground species composition relies on the soil seed bank,
which helps maintain diversity and variability on an ecosystem (Fenner and Thompson
2005, Benson and Hartnett 2006). The seed bank contains seeds of varying degrees of
dormancy that may or may not be ready to emerge (Roberts 1981). Typically, soil seed
banks are important to an ecosystem as they resemble a ‘memory’ of historic plant
communities and are comprised of dormant seeds ready to emerge when conditions
become suitable (Bakker et al. 1996, Sternberg et al. 2003, Fenner and Thompson 2005).
Seeds within the seed bank form from sexual reproduction within the site, from
neighboring sites (immigration) (Perkins et al. 2019) through dispersal from wind,
animals, water, and man (Bakker et al. 1996, Soons et al. 2004), and through temporal
persistence, which refers to the longevity of seeds in the seed bank (Perkins et al. 2019).
Perennial plants are long lived and may only produce a few viable seeds in their lifetime,
contributing less to the seed bank (Perkins et al. 2019). However, annual plants can be
extremely productive, potentially producing hundreds of seeds per plant, which can
provide many seeds to the seed bank (Mack and Pyke 1983).
Grazing and fire affect not only aboveground species composition; they also have
an impact on the soil seed bank (Wright 1974, Lipoma et al. 2018). Fire and grazing can
both have a positive or negative impact on the seed bank, which depends on multiple
factors including intensity of disturbance (Wright 1974, Dreber and Esler 2011). Fire
typically reduces large amounts of litter and previous years standing growth, which
results in an increase in the amount of bare soil. The bare surface allows light to reach the
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soil, which increases temperature and typically benefits seed germination (Humphries et
al. 2018). If the fire is too intense, it could harm seeds on the surface and slightly below
the surface and reduce abundance (Baskin and Baskin 1998).
Fire can occur as a wildfire, which typically happens during the summer when
there are warmer temperatures, drier fuel and air, and greater fuel loads, or it can be
prescribed, which can occur any time throughout the year (Vermeire et al. 2011). Native
flora evolved under wildfires, which created plants that are resillant and may be
physiologically less susceptible to future fire damage (Vermeire et al. 2011). However,
wildfires tend to be more detrimental than a prescribed fire as they create large, mostly
homogenous landscapes aboveground removing large areas of vegetation (Pastro et al.
2011) and may kill significant number of seeds at or below the surface due to the high
soil temperatures (Tyler 1995, Pastro et al. 2011). Prescribed fires are typically smaller
and more controllable, they are typically set with the goal of managing vegetation and
reducing wildfire hazard (Keeley and Rundel 2005, Pastro et al. 2011).
Grazing intensity also has an impact on the seed bank by affecting the allocation
of plant resources for reproduction (Sternberg et al. 2003). Some studied have found
positive responses of seed abundances following grazing disturbances (Navie et al. 1996),
while others have found negative responses to increased grazing pressure (Sternberg et al.
2003). Heavy grazing has been shown to reduce seed abundance more than moderate or
light grazing through the removal of reproductive structures, which limits maturity and
seed production (Sternberg et al. 2003). Trampling may also lead to changes in the seed
bank by altering the micro-environmental conditions preventing germination (Sanou et al.
2018). Therefore, it is important to gain a better understanding of the impact alternative
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management practices have on the soil seed bank heterogeneity could help improve the
diversity and heterogeneity of the aboveground plant community, which in turn will lead
to healthier ecosystem services. Previous studies evaluating heterogeneity in the seed
bank have focused on spatial heterogeneity via patches of seeds dispersed throughout the
landscape (Matlack and Good 1990, James et al. 2007).
The objectives of our study, which is a component of the overall study were to 1)
assess the compositional heterogeneity of the soil seed bank in terms of species
composition, richness, abundance, and diversity resulting from managmenent practices of
heavy winter grazing (WPG), wildfire (WF), and conventional continuous season-long
grazing (CG) for two years post-treatments. Soil seed bank data was collected once in
October when plants were dormant and after seed set in exclsures that prevented any
post-treatment grazing. Although WPG was heavily stocked it occurred after seed set
during the dormant season and was stocked for a short duration, therefore we
hypothesized WPG would maintain the seed bank species composition, richness, density,
and diversity compared to CG. The wildfire also occurred after seed set, but was very
intense, so we hypothesized it would negatively affect the seed bank by killing seeds at
and slightly below the surface reducing species composition, richness, density, and
diversity compared to CG and WPG.

MATERIALS AND METHODS
STUDY AREA
The study was conducted at the Cottonwood Range and Livestock Field Station in
western South Dakota in the mixed-grass prairie of the Northern Great Plains. The
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topography of the field site is primarily flat with gently rolling hills. The climate is
considered semiarid with hot summers and cold winters. The thirty-year long term (19872016) average annual temperature is 8 oC with a low of -5.6 oC (January) and a high of
23.5 oC (July). The average annual precipitation is 425-mm with approximately 56% of
precipitation occurring between the beginning of the growing season (May) and the end
of the growing season (August) (NOAA 2019). Soils throughout the field site are
predominantly Kyle clay (very fine, montmorillonitic, mesic Aridic Haplusterts) and
Pierre clay (fine, montmorillonitic, mesic Aridic Haplusterts) developed over a Pierre
shale formation (US Department of Agriculture, Soil Conservation Service 1987).
The major vegetation at the study site includes mid-size grasses Pascopyrum
smithii (Rydb.) A. Love (western wheatgrass) and Nassella viridula (Trin.) Barkworth
(green needlegrass) and short grasses, Bouteloua dactyloides (Nutt.) J.T. Columbus
(buffalograss) and Bouteloua gracilis (Willd. Ex Kunth) Lag. Ex Griffiths (blue grama).
Numerous species of forbs add to the diversity including Sphaeralcea coccinea (Nutt.)
Rydb. (scarlet globemallow), Artemisia ludoviciana Nutt. (white sagebrush), and Achillia
millifolium L. (common yarrow).

TREATMENTS
Three treatments were compared in this study on pastures that had been
historically grazed using conventional continuous season-long summer grazing (CG). The
treatments were control (e.g. no new disturbance, CG), wildfire (WF), and heavy winter
grazing (WPG). Conventional continous season long summer grazing at the station is
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accomplished by grazing yearling steers beginning mid-May for approximately 3.5
months, depending on climate conditions.
WPG was accomplished by temporarily isolating a patch area in each pasture with
electric fencing and heavily stocking (approximately 1.62 AUM/ha) the area with nonlactating, mid-gestation beef cows during the winter months (non-growing season).
Mineral and protein was available for the cows to minimize the potential negative effect
on their performance and to encourage them to consume low quality-dormant winter
forage. Cattle were removed from the WPG pastures when the standing vegetation was
reduced to the height of approximately 5-cm.
The original study design included only a comparison between conventional
continuous season-long summer grazing and heavy winter grazing. However, in October
2016, Cottonwood experienced a wildfire that burned over 16,187 hectares of land, which
included areas of the current study, therefore we included wildfire as our third treatment.
In the first and second years post-treatments, yearling steers had free access during the
summer to each treatment in the entire pasture except inside the exclosures where our
study was conducted.

EXPERIMENTAL DESIGN
This study evaluated the impacts of two years post-treatment response with
protection from further grazing on the soil seed bank heterogeneity in terms of species
composition, richness, and diversity within exclosures that were ungrazed for two years
following initial treatments. The experiment was a randomized block design, with three
grazing treatments (CG, WF, and WPG) occurring in each of the three pastures
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(replicates), which ranged in size from 50 to 75 hectares. Five exclosures with cattle
panels were constructed within each treatment within each pasture totaling fifteen
exclosures/treatment. The exclosures were randomly placed throughout the treatments
and pastures based on similar soil types. The exclosures were placed to protect the area
inside from subsequent summer grazing post-treatment.

SOIL SEED BANK CORE SAMPLING
Soil seed bank collections were taken Mid-October, after livestock were removed
and seed set had occurred. Inside each exclosure, two soil cores were randomly collected
using a golf hole cutter (10-cm dia. x 10-cm depth) and combined to make one composite
sample (15 composite samples per treatment). Composite samples were stored in a gallon
Ziploc bag and transported in a cooler on ice from Cottonwood, SD to Brookings, SD
(South Dakota State University). Composite samples were stored in a refridgerator (4 oC),
while soil-sampling processes were set up.

SOIL SAMPLE PROCESS AND GREENHOUSE GERMINAL SOIL SEED BANK
EXPERIMENT
Composite soil samples were sieved through a 2-mm sieve to eliminate rocks,
litter, and other propagules (e.g. crown, buds). Once the samples were sieved, 25-cm x
25-cm seed flats were prepared with paper towels to prevent soil from spilling through
the bottom, and Miracle Gro® potting soil, to help fertilize the samples. Composite
samples were placed in the seed flats and placed in an environmentally controlled
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greenhouse with 23 ± 2oC and a photoperiod cycle of 16 hours light and 8 hours dark to
maximize germination. Seeds flats were misted daily at the same time.

DATA COLLECTION
The seedling emergence method was used to measure viable seeds (Thompson
2000). Once seeds began to emerge they were allowed time to grow until they were
identifiable. Each week all the emerging seedlings were photographed, identified,
counted, documented using nomenclature following the PLANTS database (USDA
2006), and pulled. Individual plants that were not identifiable in the seedling stage were
transplanted into separate individual pots filled with Miracle Gro® potting soil and
allowed to grow until they could be identified. After nearly seven months of growth in
the greenhouse, no new germination occurred, the experiment was terminated, and the
seed flats were removed. At the midway point (3.5 months), we allowed the seed flats to
dry and we mixed the soil to help seeds that were buried and needed more light to reach
the surface (Espeland et al. 2010). The soil seed bank was only assessed based on
emergent seeds. Seeds that remained in the soil and did not emerge were not used during
analysis.

DATA ANALYSIS
Species Composition and Functional Groups
Individual species that were identified and counted throughout the experiment
allowed us to gather information pertaining to families, genera, and species for both years
post-treatments. Emergent seedlings in each composite sample allowed us to calculate
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seedling abundance (seeds/m2)We also compared functional groups including: orgin
(native vs. introduced), life span (perennial vs. annual), and life form (forb vs. graminoid)
and all combinations of orgin, life span, and life form such as native perennial graminoids
and introduced annual forbs among and between the treatments for both years.

Diversity
Species richness was counted at the exclosure level due to the compositing of
samples. Shannon-Wiener indices were used to calculate diversity and evenness of the
soil seed bank. Diversity was calculated with the formula:
𝑠

𝐻′ = ∑ − (𝑃𝑖 ∗ ln 𝑃𝑖 )
𝑖=1

where Pi is the proportion of individuals in the ith species, S is number of species
encountered, and ln is natural logarithm (Shannon 1948, Luz de la Maza et al. 2002).
Diversity calculations incorporate species richness and relative abundance and it assumes
all species within the study area have been randomly selected (Luz de la Maza et al.
2002).
Shannon’s evenness can be calculated from the formula:

𝐸=

𝐻′
𝑙𝑛 𝑆

Where H’ is species diversity, S is species richness, and ln is natural logarithm. Evenness
index measures how evenly species are distributed throughout a sample area (Shannon
1948).
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Rank abundance curves were used to express the number and relative abundances
of species within each treatment (Magurran 2013). The curves can also be used to
interpret species richness and evenness within the plant community (Foster and Dunstan
2010). Curves with a steep slope represent a low diverse uneven plant community with a
high degree of dominance by a single species. A curve with a gentle slope indicates a
plant community with a highly diverse even community without strong dominance of a
single species (Magurran 2013). The length of the curve measures species richness, the
longer the curve the more species. The y-axis, which is in log10 format, shows the relative
abundance of a species, while the x-axis shows the rank of species from most abundant to
least abundant. Rank abundance curves are used for more descriptive purposes than
quantitative purposes.

Similarity
A quantitative Sørenson similarity method was used to compare soil seed bank
species composition between the three treatments (CG, WF, and WPG) within the same
year and within each treatment from the first year (2017) to the second year (2018) posttreatments. PC-Ord software was used to calculate a quantitative Sørenson similarity,
which incorporated species presence/absence and abundance to generate dissimilarity,
which was converted to similarity (1-dissimilarity). Dissimilarity was calculated from the
formula:
𝐷𝑖,ℎ =

∑𝑝𝑗=1 | 𝑎𝑖𝑗 − 𝑎ℎ𝑗
∑𝑝𝑗=1 𝑎𝑖𝑗 + ∑𝑝𝑗=1 𝑎ℎ
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where aij = abundance of species j in the sample unit i. a = represents entry in the hth
row, jth column of data matrix, p = columns, which are species (McCune and Mefford
2018).
Data analysis was conducted using program R (R Development Core Team 2015).
The main independent factors in our experiment were year, treatment, and pasture;
exclosure was our experimental sample unit that we randomly replicated throughout each
treatment and pasture. Normality tests using Shapiro-Wilks were performed on all
dependent variables including: Shannon-Wiener diversity and evenness indices, species
richness, functional groups for emergent seed richness, and total seed density (seeds/m3).
All dependent variables failed to meet normality even after transformations (log10, square
root, and square), therefore independent variables year, treatment, and pasture effects
were analyzed using a one-way Kruskal-Wallis non-parametric test based on ranks. Year
was not significant (p<0.05) for any of the dependent variables; therefore, both years
(2017 and 2018) were analyzed together for treatment and pasture effects. Where
significant differences (p<0.05) in the dependent variables occurred, a Tukey’s post-hoc
test was performed on treatment, and pasture medians to determine which effects were
significant. All year, treatment, and pasture effects can be found in Table A.2.

RESULTS
SPECIES COMPOSITION AND FUNCTIONAL GROUPS
Samples collected in all three treatments combined in 2017, one year posttreatments, had a total of 2,006 seedlings, which included 18 families, 47 genera, and 56
species. In 2018, with two years of recovery a total of 2,558 seedlings emerged with 14
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families, 40 genera, and 42 species. All three treatments increased in the number of
seedlings emerged, but decreased in the number of families, genera, and species (Table
2.1). The most notable species that increased in the number of emerged seedlings was
Poa pratensis L. (Kentucky bluegrass), which increased over 50% from 252 in 2017 to
545 in 2018 with all three treatments combined. Other species that increased from the
first year to the second year were Vulpia octoflora (Walter) Rydb. (sixweeks fescue) and
Bromus inermis Leyss. (smooth brome). Wildfire treatment had the lowest number of
emerged seedlings, genera, and species in both years of recovery.
The most abundant forb for both years was Androsace occidentalis (Pursh)
(western rockjamine) and the most abundant graminoid was Kentucky bluegrass for all
three treatments. Other dominant species were Draba reptans (Lam.), Triodanis
leptocarpa (Nutt.), and Silene antirrhna (L.) (Table 2.2).
Treatments had a significant effect (P<0.001) on the median seed bank density
(seeds/m3) with both years combined, with WF (18,471 seeds/m3) being significantly
lower than CG (34,076 seeds/m3) and WPG (37,261 seeds/m3). Seed density was similar
between CG and WPG (Figure 2.1). Pasture had no significant impact (P=0.574) on seed
bank density (seeds/m3) with both years combined.
Native annual forbs were the dominant functional group in all three treatments for
both years ranging from 40-59% of the total species. The wildfire had the least amount of
native annual forb species the first year (48%), but by the second year post-treatment it
had the highest (59%). WPG, however, had the largest number of native annual forb
species the first year (55%) and the least amount the second year post-treatment (40%).
The second largest functional groups in all three treatments were native perennial forbs,
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which ranged from 17-20% of the total species. Those two functional groups combined
were responsible for 59 to 78% of the total species in all three treatments (Table 2.3).
Treatments had a significant effect (P<0.05) on all six individual functional groups
(native, introduced, perennial, annual, forb, and graminoid species). The wildfire had the
fewest number of species in all six functional groups and CG and WPG were similar
(Figure 2.2). Pasture was not significant for any of the six functional groups (P<0.05)
with both years combined.

DIVERSITY
Treatments had a significant effect (P<0.01) on median emergent species richness
with both years combined. WPG had the highest number of species (11) followed by CG
(10) and WF (7), respectively (Figure 2.1). The wildfire (1.6) also had significantly lower
median emergent seed diversity (P=0.02) based on the Shannon diversity index (H’) than
CG and WPG, which both had a value of 1.8. Shannon evenness was similar (P=0.389)
among all three treatments with both years combined (Figure 2.3). Pasture was not
significant pertaining to emergent seed species richness (P=0.9) and diversity (P=0.122),
with both years combined, but was significant for evenness (P=0.021). Pasture 3 (0.82)
was more evenly distributed in terms of species compared to pasture 6 (0.74). Pasture 5
(0.79) was similar to pasture 3 and 6.
In 2017 and 2018, rank abundance curves indicated that all three treatments had
similar evenness with relatively similar slope. Species richness decreased after the second
year post-treatments with short length on the axis (Figure 2.4).
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SIMILARITY
In 2017, soil seed bank species composition pairwise comparisons were between
32-35% similar between the treatments (CG vs. WF, CG vs. WPG, and WF vs. WPG).
Results from 2018 were comparable to 2017, with soil seed bank species composition
pairwise comparisons between 27-32%. Species composition pairwise comparisons
among treatments from 2017 to 2018 were most similar in CG (33%). The wildfire and
WPG were both 27% similar in species composition from the first year post-treatments to
the second year post-treatments (Figure 2.5).

DISCUSSION
Fire and grazing have helped in the formation of current grassland vegetation
(Archibold 2012) and their associated seed bank (Wright 1974). We know structural and
compositional heterogeneity aboveground created by livestock can improve ecosystem
services especially pertaining to wildlife by enhancing habitat for big game (Severson
and Urness 1994) and grassland dependent birds species (Derner et al. 2009). Managing
for heterogeneity in the soil seed bank in terms of species compostion, richness, diversity,
and abundance can also have a major impact on the aboveground structural and
compositional heterogeneity, as a portion of the aboveground vegetation comes from the
soil seed bank (Fenner and Thompson 2005, Benson and Hartnett 2006). If the soil seed
bank is heterogeneous, then the aboveground vegetation diversity will benefit by adding a
variety of graminoid and forb species with varying heights to improve structural
heterogeneity, which will also improve species richness and the overall diversity. We can
accept our proposed hypothesis that WPG maintained the seed bank heterogeneity
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compared to CG, and the WF lowered the seed bank heterogeneity by reducing species
composition, density, richness, and diversity, which likely contributed to reduce
compositional heterogeneity aboveground.
Multiple studies have looked at the seed bank response to fire, and a common
outcome is fire tends to reduce the abundance and density of seeds in the seed bank
(Clark 1991, Lipoma et al. 2018, Weier et al. 2018). Fire has the potential to be lethal and
burn seeds at or slightly below the surface (Baskin and Baskin 1998, Paula and Pausas
2008), or it can stimulate seed germination (Paula and Pausas 2008). Our findings are
similar to other studies in different ecosystems, where fire reduced seed abundace for at
least two years post fire. The wildfire burned nearly all the standing dead and litter. The
standing alive vegetation was almost completely consumed by the fire, with very few
patches of unburned areas left that might have contributed to the seed bank. The wildfire
likely burned and destroyed seeds at or below the surface, negatively affecting the seed
bank for both years. However, species differ strongly in their dormancy and there was a
possibility seeds remained dormant in the wildfire (Sternberg et al. 2003). We may have
underestimated the seed abundance since only the emergent seeds were assessed
(Sternberg et al. 2003).
It is also important to understand the intensity of fire is dependent on many
factors including: fuel load, fuel condition, wind speed, topography, relative humidity
(Blair et al. 2014) and whether or not the fire is prescribed or natural (wildfire) (Collins
and Wallace 1990). Fires that occurred in other seasons, or under other conditions might
have generated different results in regards to the seed bank. There may have been other
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sources of seed dispersal through wind, animals, or birds that may have added to the seed
bank, but regardless, the wildfire in this study had a negative impact.
Heavy winter grazing maintained species composition, richness, diversity, and
density for both years following the treatment application compared to conventional
continous season-long summer grazing. This suggests that intense heavy grazing during
the non-growing season (winter) does not affect the emergent seed bank as wildfire did.
Other studies analyzing grazing intensity have concluded that heavy grazing tends to
reduce the seed bank density more than moderate or light grazing (Sternberg et al. 2003).
In our study, winter grazing was done at a very high stocking rate, but it occurred during
the non-growing season after the seed-set stage, therefore seed density was not impacted
and was similar to CG. The results from this study indicate that heavy winter grazing may
be a more suitable alternative than fire in conserving compositional diversity in the soil
seed bank on the semi-arid, mixed-grass prairie rangelands.
In grasslands ecosystems, precipitation can have a major impact on the seed bank
(Walck et al. 2011). Hu et al. (2019) found drought can significantly reduce seed density,
richness, and diversity in semi-arid grasslands. In our experiment, the study area received
22% below the thirty-year long-term average (425-mm) precipitation in the 2017 (331mm) growing season and 5% above average in 2018 (444-mm), but we found no
difference in years pertaining to seed bank species composition, density, richness, or
diversity. However, Kentucky bluegrass and smooth brome increased regardless of
treatments from the first year to the second year. We can assume this increase relates to
the increase in precipitation, as they are high water requirement grasses (Howard 1996,
Hatterndorf 2014), which indicates they probably produced more seeds, which increased
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the density of seeds in the seed bank. Another interesting result to interpret is the
dissimilarity within each treatment between the two years. All three treatments were
below 35% similar from the first year to the second, which potentially could be explained
through the variation in precipitation and change in species seed abundance. Kentucky
bluegrass and smooth brome increased, and the three most dominant forbs decreased in
abundance in all three treatments.
Previous experiments tell us that in perennial grasslands the majority of new tiller
growth arises from the bud bank and is dominated by native perennial grasses with little
recruitment from the seed bank (Benson and Hartnett 2006). The soil seed bank in our
study was dominated by native annual forbs regardless of treatment, pasture, or year
indicating the majority of new tiller growth aboveground reproduced through vegetative
reproduction from rhizomes, corms, and stolons with very little recruitment from the soil
seed bank. Although the majority of new tiller growth comes from vegetative propagules
in perennial grasslands, the seed bank still provides a few species that will improve
species richness and overall diversity aboveground. When managing any system
regardless of location or climate the seed bank is a critical component and needs to be
considered before any management application is applied. If the seed bank is managed
properly it can add to the structural and compositional heterogeneity aboveground
ultimately improving ecosystem services.

CONCLUSION
Grasslands in the Northern Great Plains have developed under multiple
disturbance regimes. Grasslands provide habitat for a variety of wildlife, but are
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diminishing from agriculture, fragmentation, and urbanization. The grasslands that
remain are changing from fire suppression and the maximization of livestock production,
which results in homogeneity and the loss of ecosystem services. Heavy winter grazing
can be used as an alternative to fire as it maintained species composition, richness,
diversity, and density for two years post-treatment in the soil seed bank compared to
conventional continous season-long summer grazing. However, the wildfire had a
negative effect on the soil seed bank for two years post-treatment. Managers should
understand fire intensity can vary tremendously depending on multiple factors, but we
suggest avoiding fire as a management tool in the semi-arid mixed-grass prairie, as it may
take at least two years to fully recover. Heavy winter grazing may be a great alternative
to patch-burn grazing in the Northern Great Plains as it maintains the soil seed bank
heterogeneity.
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TABLES
Table 2.1 Soil seed bank species composition for both years post-treatment of continuous
season-long grazing (CG), wildfire (WF), and heavy winter grazing (WPG).

Species Composition
2017
Treatment
CG
WF
WPG

Total Seeds
Germinated
855
477
674

2018

Families

Genera

Species

17
15
15

40
30
40

42
31
42

Total Seeds
Germinated
1012
573
973

Families

Genera

Species

11
12
13

33
26
30

34
27
30

40

Table 2.2 Soil seed bank species list and relative density (%) for continuous season-long grazing (CG), wildfire (WF), and heavy
winter grazing (WPG) for 2017 and 2018.
Common Name

Scientific Name

Family

Origin

Life Span

C-value

2017

2018

Relative Seed Density (%)
CG

WF

WPG

CG

WF

WPG

2.3

10.9

28.6

19.7

14.5

4.0

2.0

7.8

5.4

<1

<1

<1

<1

<1

Grasses
Kentucky bluegrass

Poa pratensis L.

Po

Japanese brome

Bromus japonicus L.

Po

Sixweeks fescue

Vulpia octoflora (Walter) Rydb.

Po

Blue grama

Bouteloua gracilis (Willd. Ex Kunth) Lag. Ex Griffiths

Po

Green needlegrass

Nassella viridula (Trin.) Barkworth

Po

Prairie junegrass

Koelaria macrantha (Ledeb.) Schult.

Po

Witchgrass

Panicum capillare L.

Po

Buffalograss

Bouteloua dactyloides (Nutt.) J.T. Columbus

Po

Green foxtail

Setaria viridis (L.) P. Beauv

Po

Meadow brome

Bromus riparius Rehmann

Sand dropseed

Sporobolus cryptandrus (Torr.) A. Gray

Sideoats grama
Smooth brome
Western wheatgrass

I

P

*

19.5

I

P

*

4.9

N

A

0

3.8

N

P

7

<1

N

P

5

<1

N

P

7

<1

N

A

0

<1

N

P

4

I

A

*

Po

I

P

*

Po

N

P

6

Bouteloua curtipendula (Michx.) Torr.

Po

N

P

5

Bromus inermis

Po

I

A

*

Pascopyrum smithii (Rydb.) Á. Löve

Po

N

P

4

Carex duriuscula

Cy

N

P

4

<1

<1

<1

Western rockjazmine

Androsace occidentalis Pursh

Pr

N

A

5

26.6

44.4

28.9

19.7

22.3

19.8

Slimpod Venus’ looking-glass

Triodanis leptocarpa (Nutt.) Nieuwl

Cam

N

A

8

10.6

13.8

12.1

9.9

6.1

5.6

Canadian horseweed

Conyza canadensis (L.) Cronquist

As

N

A

0

10.4

4.8

5.6

4.9

4.0

2.5

3.8
1.2
<1

<1
<1
<1

<1

1.8

1.5

<1

<1
<1

<1

<1

<1

1.0
<1

<1

<1

<1

8.9

<1

<1

<1

<1
<1

5.4

Grass-likes
Needleleaf sedge

<1

Forbs
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Drummond’s false pennyroyal

Hedeoma drummondii Benth

La

N

P

4

4.9

2.1

2.5

Carolina draba

Draba reptans (lam.) Fernald

Br

N

A

1

3.7

10.9

6.9

4.2

7.3

7.7

Sleepy silene

Silene antirrhina L.

Car

N

A

3

1.9

7.3

2.3

9.3

6.4

6.3

Upright prairie coneflower

Ratibida columnifera (nutt.) Wooton & Standl

As

N

P

3

1.6

1.0

Field cottonrose

Logfia arvensis (L.) Holub

As

I

A

*

1.1

<1

Prairie fleabane

Erigeron strigosus Muhl. Ex Willd.

As

N

A

3

1.0

<1

American vetch

Vicia americana Muha. Ex Willd.

Fa

N

P

6

<1

Common dandelion

Taraxacum officinale F.H. Wigg.

As

I

P

*

<1

Common pepperweed

Lepidium densiflorum Schrad.

Br

N

A

0

<1

Common yarrow

Achillea millefolium L.

As

N

P

3

<1

Desert madwort

Alyssum desertorum Stapf

Br

I

A

*

<1

Field pennycress

Thlaspi arvense L.

Br

I

A

*

<1

Hairy rockcress

Arabis hirsuta (L.) Scop.

Br

N

A

7

<1

Herb sophia

Descurainia sophia (L.) Webb ex Prantl

Br

I

A

*

<1

Little cryptantha

Cryptantha minima Rydb.

Bo

N

A

6

<1

Norwegian cinquefoil

Potentilla norvegica L.

Ro

N

A

0

<1

Philadephia fleabane

Erigeron philadelphicus L.

As

N

A

2

<1

<1

<1

Prostate pigweed

Amaranthus albus L.

Am

N

A

0

<1

<1

<1

Redroot amaranth

Amaranthus retroflexus L.

Am

N

A

0

<1

Rough false pennyroyal

Hedeoma hispida Pursh

La

N

A

2

<1

<1

Small tumbleweed mustard

Sisymbrium loeselii L.

Br

I

A

*

<1

<1

<1

<1

Thymelaf sandmat

Chamaesyce serphyllifolia (pers.) Small ssp. Serphyllifolia

Eu

N

A

0

<1

Unknown forb 1

----

----

----

Warty spurge

Euphorbia spathulata Lam.

Eu

N

A

5

<1

<1

<1

<1

Western tangy mustard

Descurainia pinnata (Walter) Britton

Br

N

A/B

1

<1

<1

<1

<1

White heath aster

Symphyotrichum ericoides (L.) G.L. Nesom

As

N

P

2

<1

Woolly plantain

Plantago patagonica Jacq.

Pl

N

A

1

<1

<1

<1

Sweetclover

Melilotus officinalis (L.) Lam.

Fa

I

A/B

*

<1

Common yellow oxalis

Oxalis stricta L.

Ox

N

P

0

<1

Alfalfa

Medicago sativa L.

Fa

I

P

*

----

<1

1.4
1.4

<1

1.2
<1

<1
<1

<1

<1

1.1

<1

<1

<1

<1

<1

<1
1.2

<1

<1

<1

<1

<1

5.6

<1

<1

<1

<1

<1
<1

7.3

15.3

5.7

<1

<1
<1

1.9

3.1

3.0
<1

<1
1.4
1.0

<1

<1
<1

<1
<1

1.7

<1
1.9

1.3
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Bristly mousetail

Myosurus apetalus C. Gay

Ra

N

A

2

Common chickweed

Stellaria media (L.) Vill.

Ca

Common mullein

Verbascum thapsus L.

Sc

I

A

*

I

A/B

*

Purple milkvetch

Astragalus agrestis Douglas ex G. Don

Fa

Littlepod falseflax

Camelina microcarpa Andrz. Ex DC.

Br

N

P

6

I

A

*

Blackamson echinacea

Echinacea angustifolia DC.

As

Red clover

Trifolium pratense L.

Fa

N

P

7

I

A/B

*

Ribseed sandmat

Chamaesyce glyptosperma (Engelm.) Small

Shortstalk chickweed

Cerastium brachypodum (Engelm. Ex A. Gray) B.L. Rob.

Eu

N

A

0

Ca

N

P

4

Silverleaf Indian breadroot
Stinging nettle

Pediomelum argophyllum (Pursh) J. Grimes

Fa

N

P

1

Urtica dioica L.

Ur

I

P

*

Unknown forb 2

----

Western wallflower

Erysimum asperum (Nutt.) DC.

----

----

N

P

---Br

<1

<1

<1
<1
<1
<1

1.5

1.8

<1
<1
<1
<1
<1

<1

<1

<1

<1
1.6

3

<1

<1

Sub-shrub and Shrubs
Prairie sagewort
Artemisia frigida Willd.
As
N
P
4
<1
<1
1.7
Notes: families include = Am, Amaranthaceae; As, Asteraceae; Bo, Boraginaceae; Br, Brassicaceae; Ca, Caryophyllaceae; Cam, Campanulaceae; Car, Caryophyllaceae; Cy,
Cyperaceae; Eu, Euphorbiaceae; Fa, Fabaceae; La, Lamiaceae; Ox, Oxalidaceae; Pl, Plantaginaceae; Po, Poeceae; Pr, Primulaceae; Ra, Ranunculaceae; Ro, Rosaceae; Sc,
Scrophulariaceae; Ur, Urticaceae
Orgin = N, native; I, introduced | Life Span = P = perennial, A = annual | C-value = * = introduced species

<1
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Table 2.3 Functional groups combining life form, life span, and origin for both 2017 and
2018. Numbers represent relative seed species richness/exlcosure (mean ± standard error)

Functional
Groups

2017

2018

CG

WF

WPG

CG

WF

WPG

NAF

51.6 ± 0.40

48.7 ± 0.32

55.1 ± 0.42

48.4 ± 0.46

59.3 ± 0.33

40.0 ± 0.43

IAF

5.7 ± 0.17

7.1 ± 0.16

4.2 ± 0.19

7.5 ± 0.19

4.6 ± 0.16

5.9 ± 0.18

NPF

17.2 ± 0.32

20.5 ± 0.25

17.8 ± 0.27

19.5 ± 0.31

18.5 ± 0.24

18.8 ± 0.29

IPF

0.0 ± 0.11

0.0 ± 0.09

0.0 ± 0.13

1.9 ± 0.00

1.9 ± 0.00

2.9 ± 0.00

IAG

0.0 ± 0.13

0.6 ± 0.00

0.0 ± 0.14

6.3 ± 0.00

0.0 ± 0.00

7.1 ± 0.07

NAG

6.4 ± 0.16

5.8 ± 0.16

6.8 ± 0.11

5.7 ± 0.16

5.6 ± 0.13

7.1 ± 0.13

IPG

7.6 ± 0.16

6.4 ± 0.13

7.6 ± 0.13

6.3 ± 0.11

4.6 ± 0.13

10.0 ± 0.13

NPG

11.5 ± 0.17

10.9 ± 0.16

8.5 ± 0.21

4.4 ± 0.17

5.6 ± 0.23

8.2 ± 0.17

Notes: Life Span; A=annual, P- perennial | Orgin; N=native, I=introduced | Life Form; F=forb, G=graminoid
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Figure 2.1 Total mean species richness (sample-1) and seed density (seeds/m3) of
emerged seeds between continuous season-long grazing (CG), wildfire (WF), and heavy
winter grazing (WPG). Both years were combined for analysis using a Kruskal Wallis
test, therefore Median and interquartile range (IQR) is represented. The value in the
middle of the box represents the median and the small circles represent outliers. Different
letters indicate a significant difference (P<0.05) among treatments. Species richness
sample size (a=0.00157/m3).
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Figure 2.2 Species richness of functional groups for both years combined in continuous
season-long grazing (CG), wildfire (WF), and heavy winter grazing (WPG). Functional
groups include: A/B (annual/biannual), Perennial, Native, Intro (introduced), Forb, and
Graminoid. Median and interquartile range (IQR) represent functional groups that were
analyzed using Kruskal-Wallis tests. The value in the middle of the box represents the
median and the small circles represent outliers. Different letters indicate a significant
difference (P<0.05) among treatments.
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Figure 2.3 Shannon-Wiener Diversity (H’) and evenness of emerged seeds for
continuous season-long grazing (CG), wildfire (WF), and heavy winter grazing (WPG).
Data were analyzed using a Kruskal-Wallis, therefore median and interquartile range
(IQR) are represented. The value in the middle of the box represents the median and the
small circles represent outliers. Different letters indicate a significant difference (P<0.05)
among treatments.
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2017

2018

Figure 2.4 Rank-abundance curves on soil seed bank for continuous season-long grazing
(CG), wildfire (WF), and heavy winter grazing (WPG) in 2017 and 2018. Proportional
abundance (log10 scale) of each species represented on the y-axis, while species were
ranked consecutively on the x-axis from most too least abundant.
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2017
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CG

CG

34%

35%

32%

33%

WF

29%

WF
27%

32%

27%

WPG

WPG
27%

Figure 2.5 Quantitative Sørenson similarities comparing the soil seed bank between
continuous season-long grazing (CG), wildfire (WF), and heavy winter grazing (WPG)
using Sørenson distance matrix method in PC-ORD for both years post-treatment. The
middle number represents similarity within each treatment between the two years.
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CHAPTER 3: HEAVY WINTER GRAZING AS AN ALTERNATIVE TO PATCHBURN GRAZING TO PROMOTE HETEROGENEITY AND IMPROVE
ECOSYSTEM SERVICES IN THE NORTHERN GREAT PLAINS MIXED-GRASS
PRAIRIE

ABSTRACT
Northern Great Plains mixed-grass prairie developed under fire and grazing,
creating a variety of plant communities throughout the landscape that are essential for the
preservation of habitat and biodiversity. These heterogeneous landscapes are declining
due to fire suppression and maximization of livestock production. At the SDSU
Cottonwood Research Station, we evaluated impacts of wildfire (WF), heavy winter
grazing (WPG), and control (no treatment, CG) on aboveground structural (vegeatation
height, litter cover, and bare soil) and compositional (species composition, richness, and
diversity) heterogeneity for two years post-treatments. Treatmetns occurred on pastures
previously grazed with conventional continous season-long summer grazing. The
experiment was a randomized block design with three treatments (CG, WF, WPG)
occurring in each of three pastures (blocks). Five exclosures were constructed within
each treatment within each pasture (15 exclosures/pasture); three 0.25-m2 permanent
plots were randomly established in each exclosure. In these plots we estimated cover
(plot total, by species, bare ground, and litter) and measured vegetation height, and litter
depth in June and July of each year post-treatment. Biomass for each species was
estimated in July. Vegetation composition between the three treatments was compared
using NMS ordination, Shannon-Wiener indexes, analysis of variance (ANOVA), and
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Kruskal-Wallis tests. The results showed that both the wildfire and heavy winter grazing
altered vegetation height, litter cover, litter depth, and percent bare soil during both years
post-treatments compared to conventional continous season-long summer grazing. The
wildfire reduced compositional heterogeneity in terms of diversity, biomass, and species
richness compared to continuous season-long grazing, while the heavy winter grazing
was similar. Native perennial grasses dominated aboveground species composition, while
the belowground was dominated by native annual forbs. This explains why the
aboveground vegetation and soil seed bank are interestingly dissimilar among the
treatments. Results suggest WPG may be a great alternative to fire, as it provides
structural heterogeneity and maintains compositional heterogeneity, which may help
improve ecosystem services.

INTRODUCTION
Disturbance is important for the maintenance of heterogeneity in the Northern
Great Plains (NGP). Multiple disturbances have helped in the formation of vegetation
communities in the Northern Great Plains (NGP), including climatic variability, fire, and
grazing (Fuhlendorf and Engle 2001, Archibold 2012, Koerner and Collins 2014). All
three disturbances coexisted and helped in the development of current grasslands
(Koerner and Collins 2014). Climatic variations, especially droughts, have potential to
impact plant communities, as precipitation is a key driver of species composition and
biomass (Biondini et al. 1998).
Historically, there was an interaction of fire and grazing in the NGP. Bison were
attracted to recently burned areas resulting in heavily grazed areas, such as with areas that
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were non-grazed, creates a mosaic of habitats (Fuhlendorf and Engle 2004). Since
European settlement, grazing regimes have been altered due to bison have mostly being
removed from present day grasslands and replaced by domesticated cattle (Knapp et al.
1999). Such shift from fire and bison to no fire and cattle has changed, and continues to
change the dynamics of vegetation in the Northern Great Plains. This is further
exacerbated by management to maximize livestock production (Lauenroth et al. 1994,
Vavra et al. 1994). With the maximization of livestock production, homogeneity is
created through the uniform use of plant communities (Fuhlendorf and Engle 2001,
Fuhlendorf et al. 2006). Heterogeneity is declining as a result, which is leading to the
reduction of species richness and habitat, ultimately lowering the production of biomass
(Fuhlendorf and Engle 2001). Plant species loss can affect multiple ecological processes
and ultimately reduce ecosystem services affecting numerous living organisms including
the human race (Fuhlendorf and Engle 2001, Cardinale et al. 2007).
In recent years, the interaction of fire and grazing has been mimicked in the
Southern Great Plains with patch-burn grazing (PBG). PBG is being used as a restorative
framework to help return biodiversity and heterogeneity to the landscape (Fuhlendorf and
Engle 2001, Fuhlendorf and Engle 2004). However, in the NGP, fire is not a well
accepted management stratagy due to managers and ranchers being concerned about
safety, labor, forage losses, and liabilities (Toledo et al. 2014). The intensity of fire is
dependent on multiple factors including: fuel load, wind speed, topography, relative
humidity (Blair et al. 2014), fire history, soil moisture and time of day (Higgins et al.
1987).
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Fire can occur as a wildfire, which typically happens during the summer when
there are warmer temperatures, drier fuel and air, and greater fuel loads, or it can be
prescribed, which can occur any time throughout the year (Vermeire et al. 2011). Native
flora evolved under wildfires, which created plants that are resillant and may be
physiologically less susceptible to future fire damage (Vermeire et al. 2011). Wildfires
tend to burn large dry areas of land, whereas prescribed fires are typically smaller and
more controllable, they are typically set with the goal of managing vegetation and
reducing wildfire hazard (Keeley and Rundel 2005, Pastro et al. 2011). The mean return
interval for fire before European settlement was 3-5 years, but now the return interval is
much longer (Umbanhowar Jr 1996). With fire suppression and the maximization of
livestock production, the mixed-grass prairie has lost the mosaic of habitats and an
alternative management practice is necessary.
Derner et al. (2009) showed that livestock could be used as ecosystem engineers
and an alternative to fire to promote heterogeneity on the Northern Great Plains semiarid
rangelands. Today, traditional grazing management (growing season grazing) has led to
the emphasis on homogenous use of vegetation, which has resulted in lower ecosystem
services especially habitat for grasslands dependent birds (Derner et al. 2009). Grazing, if
managed properly, can provide similar structure across the landscape compared to fire.
On one side of the spectrum, there can be excessive or heavy stocking rates of livestock,
which can reduce vegetation heights and open up more bare soil. On the other side of the
spectrum, there can be light grazing to non-use, which allows litter to build up and
vegetation to become taller without the consumption of livestock (Knopf 1996).
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The goal of the overall study at the Cottonwood Range and Livestock Field
Station was to determine if heavy winter grazing could be used as an alternative to patchburn grazing in the NGP mixed-grass prairie. Heavy winter grazing was achieved by
heavily grazing discrete patches of pasture, which reduced vegetation height to roughly
5-cm in the winter months when plants were dormant. Although grazing has been around
for centuries, it can impact the aboveground plant community via the removal of plant
parts reducing biomass (Oesterheld 1992) and by trampling (Charley and Cowling 1968),
which may lead to erosion, change in species functional groups, and local species
extinctions (Charley and Cowling 1968, James et al. 1999). Heavy grazing in the mixedgrass prairie has been shown to reduce mid-size species and replace them with short
grasses (Lauenroth et al. 1994). Many factors can impact the aboveground vegetation
including stocking intensity, season, and system of grazing (Fuhlendorf and Engle 2001,
Vermeire et al. 2008). Therefore, it is important to understand the impacts alternative
management practices have on the aboveground structural and compositional
heterogeneity to improve ecosystem services.
The objectives of our study, which is a component of the overall study, were to
examine vegetation structure along with plant species composition, species richness, and
diversity resulting from the management practices heavy winter grazing (WPG), wildfire
(WF), and conventional continous season-long summer grazing (CG) for two years posttreatments. Vegetation data was collected twice throughout the growing season for two
years post-treatments in exclosures that prevented any post-treatment grazing. The
wildfire and WPG occurred during the plant dormant season and were very intense,
therefore we hypothesized the wildfire and heavy winter grazing would 1) alter
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vegetation structure in terms of having lower vegetation height, litter cover, litter depth,
and increased bare soil compared to CG and 2) produce similar species composition,
diversity, and richness for two years post-treatment compared to one another.

MATERIALS AND METHODS
STUDY AREA
This research occurred at the Cottonwood Range and Livestock Field Station in
Cottonwood, South Dakota. The field station is located in the mixed-grass prairie of the
Northern Great Plains. The topography of the field site is primarily flat with gently
rolling hills and relatively flat-topped ridges. Soils throughout the field site are
predominantly Kyle clay (very fine, montmorillonitic, mesic Aridic Haplusterts) and
Pierre clay (fine, montmorillonitic, mesic Aridic Haplusterts) developed over a Pierre
shale formation (US Department of Agriculture, Soil Conservation Service 1987). The
climate is considered semiarid with hot summers and cold winters. The thirty-year longterm (1987-2016) average annual temperature is 8 oC with a low of -5.6 oC (January) and
a high of 23.5 oC (July). The average annual precipitation is 425-mm with approximately
56% of precipitation occurring between the beginning of the growing season (May) and
the end of the growing season (August; (NOAA 2019).
The major vegetation at the study site includes mid-size grasses Pascopyrum
smithii (Rydb.) A. Love (western wheatgrass) and Nassella viridula (Trin.) Barkworth
(green needlegrass) and short grasses, Bouteloua dactyloides (Nutt.) J.T. Columbus
(buffalograss) and Bouteloua gracilis (Willd. Ex Kunth) Lag. Ex Griffiths (blue grama).
Numerous species of forbs add to the diversity including Sphaeralcea coccinea (Nutt.)
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Rydb. (scarlet globemallow), Artemisia ludoviciana Nutt. (cudweed sagebrush), and
Achillia millifolium L. (common yarrow).

TREATMENTS
Three treatments were compared in this study on pastures that had been
historically grazed using conventional continuous season-long summer grazing (CG). The
treatments were control (e.g. no new disturbance, CG), wildfire (WF), and heavy winter
grazing (WPG). Conventional continous season long summer grazing at the station is
accomplished by grazing yearling steers beginning mid-May for approximately 3.5
months, depending on climate conditions.
WPG was accomplished by temporarily isolating a patch area in each pasture with
electric fencing and heavily stocking (approximately 1.62 AUM/ha) the area with nonlactating, mid-gestation beef cows during the winter months (non-growing season).
Mineral and protein was available for the cows to minimize the potential negative effect
on their performance and to encourage them to consume low quality-dormant winter
forage. Cattle were removed from the WPG pastures when the standing vegetation was
reduced to the height of approximately 5-cm.
The original study design included only a comparison between conventional
continuous season-long summer grazing and heavy winter grazing. However, in October
2016, Cottonwood experienced a wildfire that burned over 16,187 hectares of land, which
included areas of the current study, therefore we included wildfire as our third treatment.
In the first and second years post-treatments, yearling steers had free access during the
summer to each treatment in the entire pasture except inside each exclosure.
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EXPERIMENTAL DESIGN
This study evaluated the impacts of two years post-treatment response with
protection from further grazing on aboveground structure (vegetation height, litter, and
percent bare soil), species composition, richness, and diversity within exclosures that
were ungrazed for two years following initial treatments. The experiment was a
randomized block design, with three grazing treatments (CG, WF, and WPG) occurring
in each of the three pastures (replicates), which ranged in size from 50 to 75 hectares.
Five exclosures were constructed within each treatment within each pasture totaling
fifteen exclosures/treatment. The exclosures were randomly placed throughout the
treatments and pastures based on similar soil types. Three 0.25-m2 permanent plots were
randomly placed in each exclosure. Fifteen plots per treatment/pasture were examined
totaling forty-five total plots for each treatment.

DATA COLLECTION
We collected aboveground vegetation twice throughout the summer (June and
July), for two consecutive years following disturbances. The first sample was collected in
mid-June to capture the cool season species peak and the second sample was collected in
late July to capture the peak of late cool season species and warm season species.
To ensure that compositional heterogeneity was being measured, plant species
composition, richness, and diversity were evaluated using 0.25-m2 permanent quadrat
plots. Vegetation structural heterogeneity was measured in each 0.25-m2 plot by ocular
estimating percent vegetation cover, litter cover, and bare soil and measuring average
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vegetation height and litter depth. Due to the large number of replicates and plots, we had
multiple trained observers. Plots were randomly assigned to each observer to eliminate
sampling bias. Species that were unidentifiable were stored in a Ziploc bag for later
identification. Identification of individual species followed nomenclature from the USDA
PLANTS database (USDA 2006).
Non-destructive estimates of biomass of each species were collected in July only.
To evaluate standing biomass, we used a double sampling method (Pechanec and
Pickford 1937, Reich et al. 1993). Double sampling is a very common method to
estimate biomass, as it saves time and money (Wilm et al. 1944, Boyda et al. 2015). We
developed reference units by clipping samples of species in ten 0.25-m2 plots, outside of
our sample plots near ground level to best represent current years growth. Reference units
were stored in a clear zip top plastic bag to allow easy visual comparisons of reference
units to plants in our plots and to reduce wilting. Reference units were stored in a
refrigerator overnight, which allowed them to be used for several days. Before clipping
each observer estimated percent cover and measured vegetation height for three main
species/categories, which included western wheatgrass, scarlet globemallow, and all short
grasses combined. Short grasses included buffalograss, blue grama and carex species
(sedges). After estimating biomass, we transferred the reference units into a paper bag for
oven dry at 60 oC for 72 hours to measure dry matter. Linear regressions were used to
compare percent cover, height, volume, and reference unit against actual weight of
species to produce a R2 value. The highest R2 value from those four comparisons was
chosen for each individual observer to estimate the permanent plots (Boyda et al. 2015).
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For all species besides western wheatgrass, scarlet globemallow, and short
grasses, we again also used the double sampleing method using percent cover (Boyda et
al. 2015). We developed reference units by clipping species near our sample plots to best
represent current years growth. Reference units were stored in a clear zip top plastic bag
to allow easy visual comparisons of reference units to plants in our plots and to reduce
wilting. In each of our permanent plots, we estimated how much of each species (%)
represented our reference units (Boyda et al. 2015).

DATA ANALYSIS
Species Composition and Functional Groups
To measure species composition we identified individual species and estimated
percent cover by species. We also compared functional groups including: orgin (native
vs. introduced), life span (perennial vs. annual), and life form (forb vs. graminoid) and all
combinations of orgin, life span, and life form such as native perennial graminoids and
introduced annual forbs among and between the treatments for both years posttreatments.
Floristic quality index (FQI) is used as a tool to help identify species that are
susceptible to disturbance and species of high conservation value. FQI is based on a
numerical score called the coefficient of conservatism, which ranges from 0-10 (Northern
Great Plains Floristic Quality Assessment Panel , Freyman et al. 2016). A value of zero
has low conservation value and a value of ten has the highest conservation value. FQI has
been gaining popularity among regulating agencies in recent years due to the importance
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of conserving our ecosystems (Mushet et al. 2002). We used the following formula to
calculate FQI:
𝐹𝑄𝐼 = 𝐶̅ √𝑁
where 𝐶̅ is the mean C value per plot and N is the number of species per plot (Freyman et
al. 2016).

Diversity
Species richness was calculated at the plot level for analysis. Shannon-Wiener
indices were used to calculate the diversity and evenness of each plot. Diversity using
vegetation cover was calculated with the formula:
𝑠

𝐻′ = ∑ − (𝑃𝑖 ∗ ln 𝑃𝑖 )
𝑖=1

where Pi is the proportion of individuals in the ith species, S is number of species
encountered, and ln is natural logarithm (Shannon 1948). Diversity calculations
incorporate species richness, relative abundance, and evenness and it assumes all species
within the study area have been randomly selected (Luz de la Maza et al. 2002, Magurran
2013).
Shannon’s evenness can be calculated from the formula:

𝐸=

𝐻′
𝑙𝑛 𝑆
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Where H’ is species diversity, S is species richness, and ln is natural logarithm. Evenness
index measures how relative abundances of species are distributed throughout a sample
area (Shannon 1948).
Rank abundance curves were used to express the number and relative cover of all
the species within each treatment (Magurran 2013). The curves can be used to visually
interpret species richness and evenness within the plant community (Foster and Dunstan
2010). Curves with a steep slope represent a low diverse uneven plant community with a
high degree of dominance by a single species. A curve with a gentle slope indicates a
plant community with a highly diverse even community without strong dominance of a
single species (Magurran 2013). The length of the curve measures species richness, the
longer the curve the more species. The y-axis, which is in log10 format, shows the relative
cover of a species, while the x-axis shows the rank of species from most cover to least
cover. Rank abundance curves are used for more descriptive purposes than quantitative
purposes.

Similarity and Community Analysis
A quantitative Sørenson similarity method was used to compare species
composition in terms of cover between the three treatments (CG, WF, and WPG) within
the same year and within each treatment from the first year (2017) to the second year
(2018) post-treatments. PC-Ord software was used to calculate a quantitative Sørenson
similarity, which incorporated species presence/absence and species abundance to
generate dissimilarity, which was converted to similarity (1-dissimilarity). To assess the
aboveground and soil seed bank similarity we used relative density for the seed bank and

61
relative cover for the aboveground species composition. The formula for the quantitative
dissimilarity approach is:
𝐷𝑖,ℎ =

∑𝑝𝑗=1 | 𝑎𝑖𝑗 − 𝑎ℎ𝑗
∑𝑝𝑗=1 𝑎𝑖𝑗 + ∑𝑝𝑗=1 𝑎ℎ

where aij = abundance of species j in the sample unit i. a = represents entry in the hth
row, jth column of data matrix, p = columns, which are species (McCune and Mefford
2018).
Non-metric multidimensional scaling (NMS) ordination was performed using PCOrd v. 7.04 (McCune and Mefford 2018) on vegetation cover data at the plot level for
2017 and 2018. Using the absolute vegetation cover by species inside each plot allowed
us to create a species main matrix. June and July species were combined together for
analysis. To compare all three treatments together in 2017, 135 plots (45 plots/treatment)
and 48 species were used in analysis. In 2018, there was an increase in species richness
and 75 species were used for analysis.
To test how each treatment changed from the first year post-treatment to the
second year post-treatment we also ran NMS ordination with 90 plots by 80 species for a
maxtix. NMS was run using the Sørenson (Bray-Curtis) and relative Søresnon distance,
with a maximum 500 iterations, 200 runs with real data, and 249 runs with randomized
data on each matrix separately. Dimensionality was chosen based on lower stress.
To analyze the difference between the aboveground and soil seed bank species
composition (see chapter 2) within the same year and treatment, we tested at the
exclosure level and used relative cover (aboveground) and relative density (seed bank).
Since aboveground species composition was measured at the plot level, the average was
taken for each exclosure to match the seedbank. Therefore, organizing the data into
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exclosures vs. species created a main matrix. To test how each treatment changed from
the aboveground to the soil seed bank we ran NMS with 30 exclosures by 110 species for
a main matrix. Similar to above, the Sørenson (Bray-Curtis) distance was used with the
same number of iterations, real, and randomized runs.
Multi-response permutation procedures (MRPP) (Mielke Jr 1984) were performed
on all NMS ordinations. MRPP is a one-factor permutation based significance test for
differences between and among groups. To determine the drivers of each axis, Pearson
correlation coefficients with the ordination axes were used to examine the species main
matrix. The NMS plot configurations were overlaid with the fixed and random factors
from the second matrix to further understand how the communities changed.
Data analysis with both years and sampling seasons (June and July) combined
were conducted using program R (R Development Core Team 2015) to see if year had a
significant effect on the dependent variables. Normality tests were performed on all
dependent variables including: percent vegetation cover, percent litter cover, average
litter depth (cm), average vegetation height (cm), percent bare soil, Shannon-Wiener
diversity and evenness indices, species richness, biomass, FQI (floristic quality index)
and functional groups. All dependent variables failed to meet normality even after
transformations (log10, square root, and square) and year was analyzed using a KruskalWallis test, which is a non-parametric test on the medians using ranks (Kruskal and
Wallis 1952). Year had a significant effect (P<0.05) on all response variables except
Shannon’s diversity index; therefore year was fixed for further analysis.
Further analysis was analyzed with sampling seasons combined, but with year
fixed. The main independent factors were season, treatment, and pasture; exclosure was
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our experimental sample unit that we randomly replicated throughout each pasture and
treatment. Normality tests using Shapiro-Wilks were performed on all dependent
variables for both years post-treatments. In 2017, all dependent variables failed to meet
the assumption for homogeneity of variance and a non-parametric Kruskal-Wallis test
was used to determine if the dependent variable medians between independent factors
differed from one another. Where significant differences in the dependent variables
occurred a Tukey’s post-hoc test was performed on season, treatment, pasture, and
exclosure medians to determine which effects were significant.
In 2018, Shannon-Wiener diversity and evenness indices, vegetation height, and
FQI all met normality assumptions and an analysis of variance (ANOVA) was conducted.
We performed a mixed model ANOVA, which included: season (June and July),
treatment (CG, WF, and WPG), and pasture (3, 5, and 6) as fixed factors and exclosure
(1-5) and plot (1-3) as random factors. Plot was also nested inside of exclosure. The
interaction effects of the model included season*treatment*pasture, season*treatment*
season*pasture, and treatment*pasture. If significant differences (P<0.05) occurred a
Tukey’s post hoc test was performed on season, treatment, pasture, and exclosure means
to see which effects were significant. Dependent variables percent vegetation cover,
percent litter cover, average litter depth (cm), percent bare soil, species richness, biomass,
and functional groups failed to meet normality and a non-parametric Kruskal-Wallis test
was used to determine if the dependent variable medians between independent factors
differed from one another. A Tukey’s post hoc test was performed on season, treatment,
pasture, and exclosure medians to determine which effects were significant.
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RESULTS
Species Composition and Functional Groups
In 2017, one year post-treatment, a total of 16 families, 40 genera, and 48 species
were found amongst all three treatments. The families that contained the most species
included Poaceae (22.9%), Asteraceae (22.9%), and Fabaceae (12.5%). These three
families accounted for 58.3% of the total species within the aboveground plant
community. Of the 16 total families that were present in 2017, there were 12 families that
emerged in CG and WF, and WPG had only 10 families present. Native perennial grasses
dominated the aboveground vegetation cover with all three treatments being very similar;
wildfire (87%) was slightly higher than WPG (84%), and CG (81%) (Table 3.9). The
most abundant species in all three treatments based on vegetation cover was western
wheatgrass. Heavy winter grazing was comprised of 49% western wheatgrass followed
by CG with 41%, and WF with 37%. The second most abundant species in all three
treatments was buffalograss, which accounted for 23% of vegetation cover for CG, 20%
for WF, and 16% for WPG. Vegetation cover with both species combined represented
65% of WPG, 64% of CG, and 57% of WF. Treatment had a significant effect (P<0.05)
on functional groups, where the wildfire was reduced in cover for all six functional
groups compared to CG. However, WPG only reduced the cover of annual/biannual
(A/B) and introduced functional groups after the first year post-treatment (Figure 3.1).
June had significantly higher (P<0.05) vegetation cover in all six functional groups
compared to July.
After two years post-treatments (2018), there were 27 families and 62 genera that
represented the 75 species among all three treatments. The families that contained the
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most species included Poaceae (20%), Asteraceae (14.6%), and Fabaceae (10.6%). These
three families accounted for 45.2% of the total species aboveground. CG had the most
families with 23 followed by WPG and WF, both of which had 22 families. Again native
perennial grasses dominated with wildfire having the largest percentage (90%) followed
by WPG (87%) and CG (83%) (Table 3.9). The most abundant species was again western
wheatgrass in 2018 with 43% cover in WF, 46% cover in WPG, and 45% in CG. The
second most abundant species was buffalograss. Buffalograss represented 24% of CG,
17% of WPG, and 14% of WF. With both western wheatgrass and buffalograss combined
they were responsible for 69% of CG, 63% of WPG, and 57% of WF after two years
post-treatments. All six functional groups also showed a significant difference (P<0.05)
by treatment in 2018. Native species cover was recovered by the second year post
wildfire compared to CG, but was not recovered in the other five functional groups
compared to CG. Conversely, WPG was recovered in all six functional groups by the
second year post-treatment (Figure 3.2). There were no interaction effects, but season had
a significant effect (P<0.01) on forb cover in 2018 where June was higher than July
regardless of treatment.
Treatment had a significant effect (P=0.0065) on the floristic quality index only
after the second year post-treatments with the wildfire having lowest FQI (12.7)
compared CG (13.5) and WPG (13.68) (Figure 3.4). Season and pasture were significant
(P<0.05) for both years of recovery. June had significantly higher FQI compared to July.
Pasture 3 had significantly lower (P<0.05) FQI compared to pastures 5 and 6 for both
years.
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Diversity
In the first year post-treatments (2017), with both sampling events combined
(June and July), a total of 48 species were observed between all three treatments.
Treatments had a significant effect (P=0.0196) on species richness. Wildfire reduced
species richness (5 species/plot) and WF had fewer species than CG and WPG, which
both had a median of 6 species/plot. Season also had a significant effect (P<0.01) on
species richness, where June (6) had significantly higher species than July (5). In the
second year post-treatments (2018) there was a spike in species richness that occurred in
all three treatments with a total of 75 species observed. Treatment again had a significant
effect (P<0.0001) on species richness, where the wildfire had fewer species (8
species/plot) than CG and WPG, which both had a median of 9 species/plot (Table 3.1).
June (9) had significantly (P<0.01) more species compared to July (8) again in 2018.
Diversity did increase in all three treatments from the first year post-treatments to
the second year, but was not significant (P<0.05). After one year of recovery, all three
treatments had similar diversity, but in 2018 after two years of recovery WF (0.92) had
significantly lower diversity (P=0.0009) than WPG (1.14) and CG (1.07) (Table 3.1).
Evenness was significantly reduced (P<0.0001) in all three treatments from 2017
to 2018. However, treatment did not affect evenness in either year of recovery (Table
3.1). There were two, two-way interaction effects for evenness in 2018 between treatment
and pasture (P=0.019) (Figure B.1), as well as pasture and season (P=0.002) (Figure
B.2). Treatment, pasture, and season were not significant alone.
Rank abundance curves indicated two species were relatively dominant
throughout the treatments (western wheatgrass and buffalograss), but all the other species
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were fairly even throughout each treatment as indicated by the gentle slope from the rank
abundance curves (Figure 3.3). However, there was a difference between years where the
curves were longer and not as steep in 2018, after two years post-treatments. In 2018,
there were more species in all three treatments compared to 2017. The most abundant
forbs were common yarrow and scarlet globemallow for both years among the three
treatments.

Vegetation Structure
Treatment had a significant (P<0.05) impact in both years post-treatments on all
five vegetation structure dependent variables. Recovery after the first and second year
post-treatments can be found in Figure 3.5 and Figure 3.6, respectively. In the wildfire,
vegetation cover was significantly reduced in both years post-treatment, and in the first
year it was reduced more than 50% compared to continuous season-long grazing. Heavy
winter grazing however, reduced vegetation cover by 25% the first year, but was
recovered to CG after two years.
Litter cover was significantly (P<0.05) reduced 15% in first and 5% in second
year post-treatment in the WPG compared to CG. Wildfire reduced litter cover by 100%
in the first year compared to CG and experienced very little recovery (3%) in the second
year.
Litter depth was significantly reduced in the WPG and wildfire treatments for
both years, with CG being more than 75% higher than WPG the first and second year
post-treatment. Litter depth was reduced to zero after the wildfire, in the first year, with
litter (12%) recovery the second year.
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Wildfire created more than nine times the bare soil as continuous season-long
grazing after the first and second year post-treatments. Heavy winter grazing had
significantly higher bare soil than CG, but not to the extent as the wildfire in both years.
Vegetation height in the wildfire and WPG had similar patterns of recovery. Both
treatments were significantly reduced to a little under two-thirds the height of CG after
the first year. After two years post-treatments, both treatments showed a trend of
increase, but were still significantly lower than CG.

Biomass
Treatment had a significant effect on total biomass after both the first (P<0.0001)
and second year (P=0.0033) of recovery. In both years of recovery, WF had significantly
lower biomass compared to WPG and CG. In 2017, with one year of recovery, biomass
was reduced over 50% in the wildfire compared to CG (Figure 3.5). After the first year
post-treatments WPG was significantly (25%) lower than CG, but was recovered by the
second year (Figure 3.6).

Similarity and Community Analysis Between Treatments Within the Years
Similarities between treatments in the first year was between 37-43% similar with
CG and WF being the most dissimilar. After two years all three pairwise comparisons
between the treatments were comparable to each other being 46-48% similar (Figure 3.7).
A 3-dimentional NMS solution using Sørenson distance was chosen to interpret to
plant communities in each treatment in 2017 (Figure 3.9). The minimum stress was 13.9
with axis one explaining 36%, axis two explaining 28%, and axis three explaining 23% of

69
the variation (87% cumulative). Axis one was driven by buffalograss (r=0.736), which
had a positive correlation and western wheatgrass (r=-0.504), which had a negative
correlation. Carex filifolia Nutt. (threadleaf sedge) had the highest positive correlation
with axis two (r=0.359). The most negatively correlated species with axis two was
western wheatgrass (r=-0.656). The introduced species Kentucky bluegrass was most
positively correlated with axis three (r=0.262). The most negatively correlated species in
axis three was C. filifolia (r=-0.267) (Table 3.2). Results from the multi-response
permutation procedures (MRPP) using Sørenson distance applied to the three treatments
produced an A-value of 0.0507, indicating heterogeneity within the treatments occurred
not by random chance. All three treatments were significantly different from each other
(P<0.0001).
In 2018, a 3-dimensional solution using relative Sørenson distance was chosen
with a minimum stress of 11.4. Axis one explained 55%, axis two explained 25%, and
axis three explained 13% of the total variation (93% cumulative) (Figure 3.9). Western
wheatgrass was the most highly correlated species driving axis one (r=0.655) with
buffalograss being the most negatively correlated (r=-0.808). Axis two was positively
driven by buffalograss (r=0.451) and negatively driven by Carex grisea Wahlenb.
(inflated narrow-leaf sedge) (r=-0.635). Axis three was most positively driven by
Kentucky bluegrass (r=0.410) and most negatively correlated with blue grama (r=-0.668)
(Table 3.3). The A-value from the MRPP was 0.0162, which indicated heterogeneity
occurred within each treatment. Again, all three treatments were significantly different
from each other (P<0.05).
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Similarity and Community Analysis Within Treatments Over Years
Similarity comparisons from 2017 to 2018 among the treatments using the
Sørenson quantitative method were between 40-45% similar with WF being the most
dissimilar between the years (Figure 3.7).
A 3-dimensional NMS solution was recommended for all three treatments with
CG and WF using Sørenson distance and WPG using relative Sørenson distance (Figure
3.10). The minimum stresses for all three treatments were as follows: WF had the highest
stress of 13.26 (all three axes explained a cumulative 88% of the variance), followed by
CG 12.79 (all three axes explained a cumulative 90% of the variance), and WPG 11.45
(all three axes explained a cumulative 91% of the variance), respectively. MRPP results
indicated heterogeneity occurred within each treatment/year. Also, year had a significant
effect on the plant community in each treatment (Table 3.4). The species that drive each
axis for CG are in Table 3.5, WF are in Table 3.6, and WPG are in Table 3.7.

Similarity and Community Analysis Aboveground vs. Soil Seed Bank
The aboveground vegetation and soil seed bank species composition was very
dissimilar. Pairwise similarity was most similar in the CG treatment (4.2-4.5%), followed
by WPG (3.4%), and WF (1.2-1.4%) for both years (Figure 3.8).
A 2-dimensional NMS solution using Sørenson distance was used for all three
treatments in 2017 and 2018 to compare the aboveground vegetation and the soil seed
bank plant communities (Figure 3.11). The minimum stresses from the NMS results were
fair to good and were comparable in 2017 (6.31-11.05) and 2018 (9.36-11.25) (Table
3.8). The cumulative variance explained with both axes combined from all three
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treatments and both years ranged from 84-93%. The A-value from the MRPP output was
high for all treatments in both years for community ecology, meaning there was
homogeneity within the groups. MRPP results also indicated that the aboveground and
soil seed bank plant communities were significantly different in all treatments for both
years (Table 3.8).

DISCUSSION
The grasslands in the Northern Great Plains developed under periodic droughts,
fire, and substantial grazing pressure (Fuhlendorf and Engle 2001, Archibold 2012).
Currently in the Northern Great Plains, the maximization of livestock production and fire
suppression are occurring, leading to a uniform plant community and a homogenous
landscape. Our study evaluated the use of heavy winter grazing as an alternative to patchburn grazing to reduce the use of fire and create structural and compositional
heterogeneity to improve ecosystem services. We also evaluated a wildfire that occurred
in a dry October. The wildfire and heavy winter grazing created structural heterogeneity
by altering vegetation height, litter cover, and litter depth, and increasing the amount of
bare soil for two years post-treatments. The two treatments were intense and occurred
during the non-growing season when plants were dormant, so there was very little
recovery time for vegetation (Knopf 1996, Fuhlendorf et al. 2006), which created varying
structure across the landscape.
According to previous literature, with varying structure, more grassland
dependent bird species will utilize the landscape for breeding and wintering grounds
(Fuhlendorf et al. 2006, Hovick et al. 2014). Grassland birds tend to select areas with
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varying levels of biomass and vegetation height (Sampson and Knopf 1994). Wildfire
and heavy winter grazing provided the short vegetation height and reduced litter cover
and depth. Also, animal and insect species diversity could increase with the structural
heterogeneity that was created (Tews et al. 2004) ultimately improving ecosystem
services. Although the wildfire created structural heterogeneity, it also reduced species
richness, diversity, and biomass for two years post-treatment, whereas WPG maintained
species richness and diversity compared to conventional continous season-long summer
grazing. Therefore, we can reject our hypothesis that WPG and WF would have similar
species composition, diversity, and richness for two years post-treatments.
Grazing from livestock is the most important method of grassland utilization, and
understanding the effects on grassland biomass is critical for grassland conservation and
management (Diaz et al. 2007, Hao and He 2019). Biomass is a critical component for
providing energy and weight gain to livestock and other organisms. Previous experiments
looking at the effects of grazing on biomass have concluded that grazing during the nongrowing season increases biomass aboveground and the availability of green grass in the
spring compared to grazing during the growing season (Gordon 1988, Hao and He 2019).
However, we found WPG reduced biomass the first year when precipitation was below
average but was fully recovered by the second year post-treatment when having adequate
moisture. Green grass was available sooner in the spring compared to CG, but biomass
did not increase and was actually negatively affected from winter dormant grazing one
year post-treatment. We can assume this can most likely be attributed to the limited
precipitation during the first year following the heavy winter grazing. Heavy grazing
typically reduces biomass regardless of season (Biondini and Manske 1996, Fuhlendorf
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and Engle 2001). On the other hand, the biomass after the wildlife was reduced for both
years post-treatment, which is likely due to the intensity of the disturbance as well as the
limited precipitation in the first growing season post wildfire. Severe fires, such as the
one that occurred in our study, tend to cause the most extreme biomass losses compared
to other fires of different intensities (Bond and Keane 2017). The WF treatment
recovered slower in terms of biomass than WPG, and adequate recovery time may require
at least two years depending on precipitation and moisture availability.
Floristic quality index (FQI) is an important tool for assessing the integrity of
native, remnant, and restored plant communities in grasslands (Taft et al. 1997, Hansen
and Gibson 2014). An ecosystem cannot be interpreted on a single index such as species
richness, diversity, or biomass as it will not account for all relevant aspects (Taft et al.
1997). Floristic quality index helps interpret how susceptible plants are to disturbance
and, in the first growing season post-treatment neither the wildfire nor heavy winter
grazing changed in terms of FQI compared to CG. However, after two years posttreatment FQI was lower in the wildfire, indicating more opportunist species took
advantage of the harsh wildfire compared to WPG and CG. A recent study in the
Southern Great Plains tall-grass prairie indicated that frequent fires promote higher FQI
compared to less frequent fires that occur every ten years or more. Cottonwood has not
experienced a fire in over ten years due to fire suppression, which could explain the low
FQI value in the second year post-treatment (Manning et al. 2017).
Climatic variations can have a major impact on aboveground vegetation, as
precipitation and temperature are key drivers of species composition and biomass
(Biondini and Manske 1996, Fay et al. 2011). Our study area received 22% below
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average precipitation in the first growing season post-treatment (2017) and 5% above
average in the second growing season (2018). Year had a significant effect on the
majority of dependent variables, which suggests precipitation may have played an
important role in the recovery of compositional and structural heterogeneity after
disturbance.
Precipitation and its effect on perennial and annual species is well understood;
higher precipitation generally increases species richness in both perennial and annual
species (Adler and Levine 2007, Yan et al. 2015). Annual species are important in
perennial grasslands as they provide species richness (Faist et al. 2013), which
contributes to productivity and structure (Yan et al. 2015). Based on our results, we
hypothesize species richness increased regardless of treatment from 2017 to 2018 due to
an increase in precipitation, which increased germination of annual species. Species
richness was also higher during the June sampling event compared to the July sampling
in both years, which we can assume is related to priority effects. Annuals tend to
germinate earlier than perennials (Wainwright and Cleland 2013, Vaughn and Young
2015, DeMalach and Fukami 2018), so we propose in our study that annual forbs
germinated earlier in the growing season and had mostly disappeared by the July
sampling, thereby lowering species richness.
Western wheatgrass and buffalograss dominated the landscape in both years by
occupying over 50% of the total cover in all three treatments. Other dominant species
were blue grama, Kentucky bluegrass, common yarrow, and scarlet globemallow. The
first year post-treatments created a landscape that was more evenly distributed with
species than the second year post-treatments, which we can assume is linked to
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precipitation. Our results are comparable to other studies looking at evenness, where
increased rainfall typically reduces evenness in grasslands (Kardol et al. 2010, Smith et
al. 2016). Evenness is a great indicator of community composition, but if it begins to
decrease it could be a potential sign of local species extinctions (Kardol et al. 2010),
which could lead to the loss of heterogeneity.
Plant communities between the three treatments were significantly different in
both years, but in 2017, with only one season of recovery and below average
precipitation, a noticeable difference occurred between all three treatments. WPG most
closely resembled CG, which suggests it altered the plant community, but not to the
extent of the wildfire. As mentioned above, the wildfire occurred in October 2016 and
was very intense, which significantly changed the plant community compared to CG and
WPG. In the second year of recovery, all three treatments were still different, but
resembled each other more than that first year post-treatments. Another explanation of
why the wildfire community composition changed could be due to the total microbial
biomass belowground, which is an integral part of any ecosystem (Harris 2009). The total
microbial biomass was increased in pasture 5 (short grass and western wheatgrass codominated) and decreased in pastures 3 and 6 (western wheatgrass dominated) following
the wildfire, leading to heterogeneity or dissimilar patterns of microbes in the soil (Comer
2019). This dissimilarity in the soil microbes after the fire may have affected the
belowground nutrient cycling, organic matter turnover, and other processes that are
critical for primary production and ecosystem carbon storage compared to CG and WPG
(Bradford et al. 2002).
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Species composition was extremely dissimilar between the aboveground plant
community and the soil seed bank within all three treatments. We can explain this
difference in species composition through functional groups. The majority of plant
species aboveground were native perennial grasses and the majority of seeds at or below
the surface were native annual forbs. This coincides with other experiments in perennial
grasslands, where the majority of reproduction is from bud banks and clonal production
with very little recruitment from the soil seed bank (Benson 2001, Ott 2014, Russell et al.
2015).

CONCLUSION
The Northern Great Plains developed under multiple disturbances including fire,
grazing and periodic droughts. Since European settlement, fire suppression along with the
maximization of livestock production has changed the dynamics of the mixed-grass
prairie. Structural and compositional heterogeneity is declining, leading to a uniform
plant community. The overall goal of this project was to change the vegetation structural
and compositional heterogeneity using a non-pyric strategy to create a mosaic that
provides for a variety of wildlife. However, keep in mind we used exclosures to prevent
further subsequent summer grazing that may otherwise be there. Our hypothesis for my
part of the study using exclosures was supported that wildfire and heavy winter grazing
created structural heterogeneity for both years post-treatments. With regards to having
similar species composition, diversity, and richness, our hypothesis was rejected. The
high intense October wildfire reduced the overall number of species and diversity of the
landscape compared to heavy winter grazing for at least two years post-treatment. As a
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manager, it is important to understand a fire can vary tremendously depending on
multiple factors, but a wildfire is not ideal due to the recovery time and the erratic
precipitation in this semi-arid environment. However, heavy winter grazing may be a
great alternative to patch-burn grazing and conventional continous season-long summer
grazing for creating structural heterogeneity and maintaining compositional heterogeneity
in the Northern Great Plains mixed-grass prairie. This research assessed the impact of a
single disturbance event and the recovery for two years post-treatments; different results
may occur with repeated heavy winter grazing, therefore further investigation is needed.
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TABLES
Table 3.1 Average species richness, Shannon-Wiener diversity and evenness indices
comparing to continuous season-long grazing (CG), wildfire (WF), and heavy winter
grazing (WPG) after the first (2017) and second year post-treatments (2018) in
Cottonwood, SD. Numbers were recorded at the plot level and then averaged for each
treatment (mean ± standard error). Different letters indicate a significant difference
(P<0.05) among treatments in each year.

2017

2018

Treatment

H'

Evenness

Richness

H'

Evenness

Richness

CG
WF
WPG
P-value

1.005 ± 0.03
0.924 ± 0.04
1.020 ± 0.04
0.234

0.562 ± 0.02
0.560 ± 0.02
0.583 ± 0.02
0.305

6.2 ±0.21a
5.32 ±0.18b
5.68 ±0.20a
0.019

1.069 ± 0.03a
0.929 ± 0.04b
1.145 ± 0.04a
0.008

0.479 ± 0.02
0.463 ± 0.02
0.503 ± 0.02
0.276

9.75 ± 0.33a
8.02 ± 0.30b
10.08 ± 0.30a
0.000
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Table 3.2 Correlation between the main matrix non-metric multidimensional scaling
(NMS) axes and species for 2017 comparing continuous season-long grazing (CG),
wildfire (WF), and heavy winter grazing (WPG). All species in the table are significant
(P<0.05) using the Pearson correlation coefficients.

Species Correlations with NMS Axes (2017)
Axis 1
Species
r
r-squared
tau
Bouteloua dactyloides
0.736
0.542
0.606
Polygala verticillata
0.386
0.149
0.200
Vicia americana
0.312
0.097
0.227
Polygala alba
0.284
0.081
0.196
Bromus japonicus
0.261
0.068
0.171
Bouteloua gracilis
0.257
0.066
0.369
Symphyotrichum ericoides 0.233
0.054
-0.005
Solidago missouriensis
0.215
0.046
0.142
Carex filifolia
0.214
0.046
0.146
Erigeron strigosus
0.196
0.039
0.118
Viola nuttallii
0.191
0.036
0.113
Sphaeralcea coccinea
-0.192
0.037
-0.081
Poa pratensis
-0.224
0.050
-0.261
Achillea millefolium
-0.315
0.099
-0.348
Pascopyrum smithii
-0.504
0.254
-0.376
Axis 2
Carex filifolia
0.359
0.129
0.138
Bouteloua curtipendula
0.347
0.120
0.315
Oenothera suffrutescens
0.213
0.045
0.269
Phlox hoodii
0.193
0.037
0.142
Comandra umbellata
0.191
0.037
0.232
Carex inops
-0.188
0.035
-0.159
Bromus japonicus
-0.199
0.040
-0.275
Vicia americana
-0.237
0.056
-0.144
Bouteloua gracilis
-0.249
0.062
-0.129
Poa pratensis
-0.259
0.067
-0.105
Bouteloua dactyloides
-0.436
0.190
-0.308
Pascopyrum smithii
-0.656
0.43
-0.535
Axis 3
Poa pratensis
0.626
0.391
0.403
Bouteloua gracilis
0.380
0.144
0.399
Artemisia ludoviciana
0.223
0.050
0.146
Lygodesmia juncea
0.208
0.043
0.111
Sporobolus cryptandrus
0.195
0.038
0.147
Aristida purpurea
0.173
0.030
0.152
Pascopyrum smithii
-0.246
0.061
-0.135
Carex filifolia
-0.267
0.071
-0.227
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Table 3.3 Correlation between the main matrix NMS axes and species for 2018
comparing continuous season-long grazing (CG), wildfire (WF), and heavy winter
grazing (WPG). All species in the table are significant (P<0.05) using the Pearson
correlation coefficients.

Species Correlations with NMS Axes (2018)
Axis 1
Species
r
r-squared
tau
Pascopyrum smithii
0.655
0.429
0.474
Plantago patagonica
-0.202
0.041
-0.398
Polygala alba
-0.203
0.041
-0.131
Oenothera biennis
-0.215
0.046
-0.109
Symphyotrichum ericoides -0.216
0.047
0.003
Linum rigidum
-0.225
0.051
-0.154
Grindelia squarrosa
-0.226
0.051
-0.147
Bromus japonicus
-0.229
0.053
-0.098
Ratibida columnifera
-0.23
0.053
-0.089
Bouteloua gracilis
-0.278
0.077
-0.293
Polygala verticillata
-0.298
0.089
-0.221
Vicia americana
-0.344
0.118
-0.183
Bouteloua dactyloides
-0.808
0.654
-0.598
Axis 2
Bouteloua dactyloides
0.451
0.203
0.272
Pascopyrum smithii
0.294
0.086
0.195
Vicia americana
0.235
0.055
0.162
Bromus japonicus
0.194
0.038
0.117
Astragalus agrestis
0.188
0.035
0.213
Pediomelum cuspidatum
-0.228
0.052
-0.108
Carex spp.
-0.243
0.059
-0.292
Zigadenus venenosus
-0.243
0.059
-0.094
Carex filifolia
-0.247
0.061
-0.143
Artemisia frigida
-0.252
0.063
0.016
Bouteloua curtipendula
-0.259
0.067
-0.191
Psoralidium tenuiflorum
-0.297
0.088
-0.04
Elymus repens
-0.298
0.089
-0.122
Sphaeralcea coccinea
-0.302
0.091
-0.231
Aristida purpurea
-0.307
0.094
-0.029
Artemisia ludoviciana
-0.317
0.101
-0.172
Bouteloua gracilis
-0.37
0.137
-0.304
Carex grisea
-0.635
0.403
-0.411
Axis 3
Poa pratensis
0.41
0.168
0.329
Achillea millefolium
0.393
0.155
0.27
Carex spp.
0.315
0.099
0.217
Hesperostipa comata
0.308
0.095
0.163
Penstemon gracilis
0.255
0.065
0.118
Sporobolus cryptandrus
0.216
0.047
0.156
Taraxacum officinale
0.199
0.04
0.1
Tradescantia bracteata
0.182
0.033
0.073

81
Aristida purpurea
Melilotus officinalis
Pediomelum cuspidatum
Unknown spp. 1
Unknown spp. 2
Zigadenus venenosus
Comandra umbellata
Bouteloua gracilis

0.172
-0.185
-0.199
-0.227
-0.227
-0.248
-0.298
-0.668

0.03
0.034
0.04
0.051
0.051
0.062
0.089
0.447

0.008
-0.125
-0.192
-0.12
-0.12
-0.216
-0.225
-0.52
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Table 3.4 Community analyses within treatment from 2017 to 2018 using NMS and
MRPP.

Min.
Stress
CG
12.79
WF
13.26
WPG 11.45

Community Analysis Within Treatment
Axis 1
Axis 2
Axis 3
A-value
Var.
Var.
Var.
(MRPP)
53%
26%
11%
0.018
45%
26%
17%
0.050
35%
35%
21%
0.024

P-value
(MRPP)
0.0029
0.0000
0.0006
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Table 3.5 Correlation between the main matrix NMS axes and species for CG comparing
2017 and 2018. All species in the table are significant (P<0.05) using the Pearson
correlation coefficients.

Species Correlations with NMS Axes (CG)
Axis 1
Species
r
r-squared
tau
Bouteloua dactyloides
0.932
0.869 0.727
Polygala verticillata
0.599
0.359 0.307
Polygala alba
0.406
0.165 0.239
Koelaria macrantha
0.398
0.159 0.231
Symphyotrichum ericoides 0.323
0.104 0.201
Bromus japonicus
0.299
0.09 0.189
Plantago patagonica
0.292
0.085 0.197
Phlox hoodii
0.289
0.084 0.184
Linum rigidum
0.277
0.077 0.182
Solidago missouriensis
0.272
0.074 0.116
Astragalus agrestis
0.265
0.07 0.184
Grindelia squarrosa
0.247
0.061 0.164
Vicia americana
0.236
0.056 0.179
Melilotus officinalis
0.21
0.044 0.168
Poa pratensis
-0.292
0.085
-0.29
Pascopyrum smithii
-0.57
0.325 -0.319
Axis 2
Achillea millefolium
0.478
0.228 0.066
Poa pratensis
0.259
0.067 0.225
Sporobolus cryptandrus
0.257
0.066 0.137
Artemisia frigida
0.245
0.06 0.018
Pediomelum esculentum
-0.209
0.044 -0.206
Bromus japonicus
-0.22
0.048 -0.254
Pascopyrum smithii
-0.716
0.513 -0.645
Axis 3
Poa pratensis
0.627
0.393 0.332
Bouteloua gracilis
0.533
0.284 0.424
Artemisia ludoviciana
0.229
0.052 0.194
Penstemon gracilis
0.218
0.047 0.086
Sisymbrium altissimum
-0.227
0.052 -0.088
Bromus japonicus
-0.249
0.062 -0.167
Triodanis leptocarpa
-0.317
0.1 -0.282
Artemisia frigida
-0.347
0.12
-0.08
Nassella viridula
-0.374
0.14 -0.234
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Table 3.6 Correlation between the main matrix NMS axes and species for WF comparing
2017 and 2018. All species in the table are significant (P<0.05) using the Pearson
correlation coefficients.

Species Correlations with NMS Axes (WF)
Axis 1
Species
r
r-squared tau
Bouteloua dactyloides
0.612
0.375 0.459
Vicia americana
0.383
0.146 0.209
Carex spp.
0.311
0.097 0.223
Erigeron strigosus
0.3
0.09 0.149
Polygala verticillata
0.298
0.089 0.194
Escobaria vivipara
0.259
0.067 0.098
Pediomelum esculentum
0.237
0.056 0.049
Achillea millefolium
-0.211
0.044 -0.218
Poa pratensis
-0.31
0.096 -0.243
Pascopyrum smithii
-0.657
0.431 -0.508
Axis 2
Oenothera suffrutescens
0.296
0.087 0.356
Sphaeralcea coccinea
0.283
0.08 0.129
Hedeoma hispida
-0.209
0.044 -0.406
Escobaria vivipara
-0.214
0.046
-0.19
Pediomelum esculentum -0.218
0.048 -0.146
Carex spp.
-0.267
0.071 -0.123
Androsace occidentalis
-0.278
0.077 -0.322
Viola nuttallii
-0.353
0.125 -0.256
Bouteloua dactyloides
-0.407
0.165 -0.213
Carex grisea
-0.466
0.217 -0.554
Pascopyrum smithii
-0.611
0.374 -0.541
Axis 3
Bouteloua gracilis
0.615
0.378 0.397
Sphaeralcea coccinea
0.52
0.271 0.397
Aristida purpurea
0.467
0.218 0.247
Carex grisea
0.462
0.213 0.264
Plantago patagonica
0.443
0.196 0.166
Zigadenus venenosus
0.435
0.189 0.203
Artemisia ludoviciana
0.395
0.156 0.149
Elymus repens
0.395
0.156 0.149
Bromus japonicus
0.365
0.133 0.056
Taraxacum officinale
0.328
0.107 0.212
Psoralidium tenuiflorum
0.32
0.103 0.218
Bouteloua curtipendula
0.311
0.096 0.288
Artemisia frigida
0.299
0.09 0.013
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Hesperostipa comata
Carex filifolia
Poa pratensis
Tradescantia bracteata
Bouteloua dactyloides

0.294
0.29
0.236
0.216
-0.21

0.086
0.084
0.056
0.047
0.044

0.255
0.246
0.074
0.152
-0.01
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Table 3.7 Correlation between the main matrix NMS axes and species for WPG
comparing 2017 and 2018. All species in the table are significant (P<0.05) using the
Pearson correlation coefficients.

Species Correlations with NMS Axes (WPG)
Axis 1
Species
r
r-squared tau
Pascopyrum smithii
0.688
0.474
0.54
Achillea millefolium
0.306
0.094 0.283
Solidago missouriensis
0.23
0.053 0.191
Lygodesmia juncea
-0.235
0.055 -0.186
Vicia americana
-0.268
0.072 -0.194
Ratibida columnifera
-0.322
0.104 -0.275
Bouteloua gracilis
-0.512
0.263 -0.426
Bouteloua dactyloides
-0.631
0.399 -0.482
Axis 2
Carex spp.
0.382
0.146 0.294
Bouteloua dactyloides
0.351
0.123 0.305
Oenothera suffrutescens
0.273
0.074 0.247
Artemisia ludoviciana
-0.28
0.078
-0.12
Nassella viridula
-0.565
0.32 -0.359
Poa pratensis
-0.735
0.54 -0.417
Axis 3
Bouteloua dactyloides
0.485
0.235 0.342
Vicia americana
0.229
0.052 0.145
Pascopyrum smithii
0.225
0.051 0.141
Phlox hoodii
-0.223
0.05 -0.186
Oenothera suffrutescens -0.296
0.088 -0.229
Carex grisea
-0.326
0.106 -0.196
Pediomelum cuspidatum -0.326
0.107 -0.189
Opuntia spp.
-0.336
0.113
-0.21
Koelaria macrantha
-0.357
0.127 -0.234
Melilotus officinalis
-0.359
0.129 -0.173
Carex spp.
-0.385
0.149 -0.047
Bouteloua gracilis
-0.402
0.162 -0.316
Bouteloua curtipendula -0.454
0.206 -0.218
Comandra umbellata
-0.477
0.227 -0.319
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Table 3.8 Community analyses comparing the aboveground and soil seed bank plant
communities using NMS Sørenson distance and MRPP.

Community Analysis Within Treatment
Min. Stress Axis 1 Var. Axis 2 Var. A-value (MRPP)
CG 9.53
73%
20%
0.287
2017 WF 6.31
75%
13%
0.311
WPG 11.25
75%
13%
0.299
CG 9.58
75%
13%
0.305
2018 WF 9.36
69%
15%
0.259
WPG 11.05
71%
15%
0.271

P-value (MRPP)
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
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Table 3.9 Aboveground vegetation functional group compositions based on the
combined life form, life span, and origin for both 2017 and 2018 (mean ± standard error)

Functional

2017

Groups
CG

WF

2018
WPG

CG

WF

WPG

IAF

0.3 ± 0.06

0.2 ± 0.03

0.1 ± 0.01

3.9 ± 0.30

1.3 ± 0.13

3.6 ± 0.33

IPG

9.5 ± 1.01

3.1 ± 0.28

8.5 ± 0.85

4.5 ± 0.59

1.4 ± 0.24

2.1 ± 0.36

IPF

0.2 ± 0.04

0.1 ± 0.01

0.0 ± 0.01

0.9 ± 0.14

0.1 ± 0.02

0.2 ± 0.02

NAF

3.3 ± 0.45

1.7 ± 0.11

2.1 ± 0.11

2.2 ± 0.30

1.1 ± 0.14

1.7 ± 0.25

NAG

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.00

0.0 ± 0.01

0.0 ± 0.00

NPF

5.2 ± 0.50

8.2 ± 0.46

5.5 ± 0.40

5.9 ± 0.51

5.6 ± 0.55

5.2 ± 0.41

NPG

81.4 ± 2.50

86.6 ± 1.11

83.8 ± 2.03

82.5 ± 2.19

90.4 ± 1.78

87.2 ± 2.09

Notes: Life Span; A=annual, P- perennial | Orgin; N=native, I=introduced | Life Form; F=forb, G=Graminoid

89

Introduced

150
100
50
0

Forb

CG

150
100
50
0

A

B

WF
B

B

Perennial

A

150
100
50
0

WPG
B

CG

WF

WPG

A

B

AB

CG

WF

WPG

Native

150
100
50
0

Graminoid

A/B

FIGURES

150
100
50
0

150
100
50
0

A

B

A

CG

WF

WPG

A

B

A

CG

WF

WPG

A

B

A

CG

WF

WPG

Figure 3.1 Functional groups based on percent cover after the first year post-treatments
(2017) for continuous season-long grazing (CG), wildfire (WF), and heavy winter
grazing (WPG). Functional groups included: annual/biannual (A/B), perennial (P),
introduced (I), native (N), forb (F), and graminoid (G) species. Median and interquartile
range (IQR) represent functional groups that were analyzed using a Kruskal-Wallis test.
The value in the middle of the box represents the median and the small circles represent
outliers. Different letters indicate a significant difference (P<0.05) among treatments
within year.
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Figure 3.2 Functional groups based on percent cover after the second year posttreatments (2018) for continuous season-long grazing (CG), wildfire (WF), and heavy
winter grazing (WPG). Functional groups included: annual/biannual (A/B), perennial (P),
introduced (I), native (N), forb (F), and graminoid (G) species. Median and interquartile
range (IQR) represent functional groups that were analyzed using a Kruskal-Wallis test.
The value in the middle of the box represents the median and the small circles represent
outliers. Different letters indicate a significant difference (P<0.05) among treatments
within year.
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Figure 3.3 Rank-abundance curves on aboveground vegetation cover for continuous
season-long grazing (CG), wildfire (WF), and heavy winter grazing (WPG) in 2017 and
2018. Proportional abundance (log10 scale) of percent cover for each species is
represented on the y-axis, while species abundance are ranked consecutively from the
most to the least on the x-axis.
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Figure 3.4 Floristic quality indexes for continuous season-long grazing (CG), wildfire
(WF), and heavy winter grazing (WPG) for two years post-treatments. The first year
post-treatments is represented by a median and interquartile range (IQR) plot, which
failed to meet normality and was analyzed using a Kruskal-Wallis test. The value in the
middle of the box represents the median and the small circles represent outliers. The
second year post-treatments is represented by a bar graph (mean ± standard error) that
met normality and was tested using ANOVA. Different letters indicate a significant
difference (P<0.05) among treatments within year.
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Figure 3.5 Vegetation structure measurements and biomass after the first year posttreatments (2017) for continuous season-long grazing (CG), wildfire (WF), and heavy
winter grazing (WPG). Median and interquartile range (IQR) represent functional groups
that failed to meet normality and were analyzed using a Kruskal-Wallis test. The value in
the middle of the box represents the median and the small circles represent outliers.
Different letters indicate a significant difference (P<0.05) among treatments within year.

94

A

B

A

Biomass (g m2)

% Veg. Cover

125
100
75
50
25
0

WF

WPG

A

C

B

100
75
50
25

Veg. Height (cm)

40

A

CG

WF

WPG

C

A

B

CG

WF

WPG

A

C

B

CG

WF

WPG

75
50
25
0

100
75
50
25
0

CG
A

WF

WPG

B

B

30
20
10
0
CG

WF

WPG

Litter Depth (cm)

0

B

100

125

% Bare Soil

% Litter Cover

125

CG

A

125

40
30
20
10
0

Figure 3.6 Vegetation structure measurements and biomass after the second year posttreatments (2018) for continuous season-long grazing (CG), wildfire (WF), and heavy
winter grazing (WPG). Median and interquartile range (IQR) plots represent functional
groups that were analyzed using a Kruskal-Wallis test. The value in the middle of the box
represents the median and the small circles represent outliers. Vegetation height followed
normal distribution and was analyzed using ANOVA and is represented by a bar graph
(mean ± standard error). Different letters indicate a significant difference (P<0.05)
among treatments within year.
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Figure 3.7 Quantitative Sørenson similarities comparison the aboveground species
composition between continuous season-long grazing (CG), wildfire (WF), and heavy
winter grazing (WPG) for both years post-treatments. The middle number represents
similarity within each treatment between the two years.
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Figure 3.8 Quantitative Søreson similarity comparisons for both years post-treatments
between aboveground composition (relative cover) and soil seed bank composition
(relative seed density) for continuous season-long grazing (CG), wildfire (WF), and
heavy winter grazing (WPG). The left column of numbers represents the similarity
between the seed bank and aboveground vegetation for 2017 and the right column is
2018.
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Figure 3.9 NMS ordination plots of aboveground vegetation based on species cover
among treatments for each year. Each point represents individual plots and the convex
hulls encircle each treatment. The cross symbol is the centroid (multivariate average) for
each treatment.
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Figure 3.10 NMS ordination plots of aboveground vegetation based on species cover
between the years for each treatment. Each point represents individual plots and the
convex hulls encircle each year. The plus symbol is the centroid (multivariate average)
for each year.
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on species cover and soil seed density in each exclosures for each treatment and year.
Each point represents individual exclosures and the convex hulls encircle each location.
The cross symbol is the centroid (multivariate average) for each location.
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CHAPTER 4: PERFORMANCE OF CLONAL PLANT BUFFLAOGRASS AFTER
DISTURBANCE

ABSTRACT
Clonal growth and reproduction are one of the universal traits of plants, but is
achieved by various morphological forms, such as stolons, rhizomes, bulbs, corms, and
root-sprouting. They play critical roles in vegetation recovery, colonization resistance
and resilience following disturbance by resource sharing and clonal integration among
connected ramets. Bouteloua dactyloides (buffalograss) is a dominant perennial short
grass species in the Northern Great Plains mixed-grass prairie. Besides sexual
reproduction, buffalograss reproduces clonally through stolons for persistence under
disturbances. At the SDSU Cottonwood Research Station, we evaluated impacts of
wildfire (WF), heavy winter grazing (WPG), and control (no treatment, CG) on pastures
previously grazed with conventional continous season-long summer grazing aboveground
species composition and structure for two years post-treatment. The experiment was a
randomized block design with three treatments (CG, WF, WPG) occurring in each of
three pastures (blocks). Five 10-cm dia. soil cores were randomly collected from a
buffalograss patch from each treatment in each block three times during the growing
season after two-year post-treatments. Samples were separated by generation into crown
tillers and stolon tillers. Number of tillers and stolons, crown buds, stolons buds, and
tiller height by generation were measured. Results indicated buffalograss allocates more
resources to tiller production in the early growing season and stolon production in the
later growing season. Majority of tiller recruitment comes from first generation crown
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buds (86-92%). We found the treatments had no effect on buffalograss clonal growth
performance two years post-treatments. Knowing this information helps managers
understand how buffalograss responds to heavy disturbances that were historically
present on the landscape in the NGP mixed-grass prairie. Further evaluation is needed
for clonal propagation dynamics and contribution to population persistency in response to
disturbance regimes.

INTRODUCTION
The mixed-grass prairie of the Northern Great Plains (NGP) developed under
multiple disturbances such as fire, grazing, and periodic droughts (Knapp et al. 1999,
Archibold 2012). These disturbances together created a variety of plant communities
throughout the landscape, helping in the preservation of habitat and biodiversity.
Historically, bison were the main native herbivores roaming the landscape, but during
European settlement large herds of bison were removed and replaced by domesticated
livestock (Knapp et al. 1999). Since the replacement of bison, cattle have been managed
for homogeneity to maximize livestock production, which had lead to the deterioration of
plant communities, loss of heterogeneity, and dominance of one or two species
(Lauenroth et al. 1994).
Protecting the remnants of our native grasslands is critical to provide ecosystem
services to society. Grasslands provide many ecosystem services includeing: meat,
leather (Sala and Paruelo 1997) clean water, habitat for wildlife, and flood prevention
(Abberton et al. 2010). We are not only losing grasslands through the maximization of
livestock production, but we are fragmenting our landscape with the increase of cropland
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(Sampson and Knopf 1994, Wright and Wimberly 2013). Invasive species such as Poa
pratensis L. (Kentucky bluegrass) and Bromus inermis Leyss. (smooth brome) are also
degrading the landscape and negatively impacting native species (Murphy and Grant
2005) and decreasing heterogeneity. The mixed-grass prairie is a combination of
intermixed short grasses and mid size grasses (Weaver 1954) along with multiple forb
species (Coppock et al. 1983). Therefore, to protect the remnants of the mixed-grass
prairie we must gain a better understanding of how dominant perennial species persist
and thrive under various disturbance regimes.
Clonal plants are species that produce individual tillers (ramets) that have exactly
the same genotype as the parent (Primack and Kang 1989), are widespread, and dominate
in diverse habitats (Liu et al. 2016). Grassland perennial plants that reproduce clonally
are long lived and can propagate both asexually (clonally) and sexually (seed production)
(Pan and Price 2002). Grass seeds are not likely to persist in the soil for longer than five
years, with multiple species surviving less than one year (Baskin and Baskin 1998),
meaning the majority of growth comes from asexual reproduction (Benson and Hartnett
2006) in perennial grasses dominated ecosystems. The morphological growth form
associated with the ramets, such as a stolon, are responsible for transporting resources
(nutrients, water, and carbohydrates) to connected individuals (Alpert and Mooney 1986,
Hutchings 1988). This can increase the capacity of plants to colonize (Alpert 1991) by
spreading across the landscape (Klimeš and Klimešová 1999) and covering considerable
areas of natural environments (Stuefer 1998). Clonal plants that spread across the
landscape typically form stands, which help prevent the invasion of neighbors (Hartnett
and Bazzaz 1985) such as Kentucky bluegrass or smooth brome. In heterogeneous
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landscapes, clonal integration typically improves the performance of other connected
ramets, which enhances the overall fitness of the clones (Hutchings and Wijesinghe 1997,
Wang et al. 2017). Established ramets of clonal plants can perform all tasks that are
essential for growth and reproduction and can become completely independent from their
parent (Stuefer 1998). Therefore, clonal plants can be considered populations of
interconnected, but basically independent ramets (Stuefer 1998). It is important to
understand the impact disturbances such as grazing and fire have on clonal growth traits
of dominant perennial species such as Bouteloua dactyloides (Nutt) J.T. Columbus
(buffalograss).
Buffalograss is a dominant short grass species that occurs in both the mixed-grass
prairie and shortgrass prairie across the NGP. It is not only a common species in prairies,
but buffalograss is used as a turf grass on golf courses and lawns. It uses less water and
fertilizer, and requires less mowing than other grasses (Riordan 1991). Buffalograss is
dioecious, stoloniferous, and a perennial C4 (warm season) species that is highly
preferred by large herbivores (Senft et al. 1985, Maurer et al. 2016) due to its valuable
forage quality (Larson 1940, Pozarnsky 1983, USDA 2006). It reproduces both sexually
(seeds) and asexually from a bud bank that spreads by aboveground stolons, which
generates a large mat of cover. In perennial grasslands, vegetative reproduction via the
bud bank plays a fundamental role in aboveground structure and plant population
dynamics (Benson et al. 2004). In the tallgrass prairie, the bud bank produces more than
99% of new tiller growth and less than 1% of growth is derived from seed (Benson and
Hartnett 2006).
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The seed bank is studied very frequently and is important in a variety of
grasslands, but the majority of new tiller growth in perennial grasslands is derived from
the bud bank. The seed bank in perennial grasslands helps provide species richness by
providing rare satellite species (Faist et al. 2013, Russell 2013), but has little impact on
the aboveground cover, which the vegetative bud bank provides. Many factors can
influence bud production and longevity in perennial grasses including: climate,
photosynthetic pathway, growth form (Ott 2014), and disturbance (Russell et al. 2015).
Disturbances such as fire, grazing, and drought can affect the bud bank, therefore
changing the aboveground vegetation cover (Benson et al. 2004, Dalgleish and Hartnett
2006, Carter et al. 2012). Typically, species that regenerate clonally with stolons are
more susceptible to disturbance such as fire, since they are above the mineral soil
(McLean 1969).

Figure 4.1 Distribution of buffalograss in North America.
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The objectives of this study were to assess the impact conventional continous
season-long summer grazing (CG), heavy winter grazing, and wildfire have on the clonal
growth traits of buffalograss in the mixed-grass prairie in terms of 1) crown and stolon
tiller recruitment, 2) number of crown and stolon tiller buds, and 3) the relationship
between number of buds per tiller and tiller height. There is little information pertaining
to buffalograss reproduction through stolons especially after multiple disturbances,
therefore, this study should help fulfill important missing knowledge. We hypothesized
that the wildfire would have the largest impact on clonal growth traits followed by WPG
and CG respectively two years post disturbance. We expected buffalograss would
allocate more resources towards vegetative bud production after a more severe
disturbance such as fire to reestablish its territory, thus having a higher number of
stolons, tillers, and buds.

MATERIALS AND METHODS
STUDY AREA
The study occurred at the Cottonwood Range and Livestock Field Station near
Cottonwood, South Dakota. The field station is located in the Buffalo Gap National
grassland in the Northern Great Plains mixed-grass prairie. The topography of the area is
primarily flat with gently rolling hills. Climate near Cottonwood, SD is continental and
semiarid with hot summers and cold winters. The average mean temperature is 8oC with a
high of 32oC in July and a low of -14oC in January (Dunn et al. 2010). The average
precipitation from 1950-2016 is 433-mm with the majority of precipitation (76%) falling
from April to September (National Weather Service Forecast Office 2019). The dominant
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soils on the landscape consist of Kyle and Pierre clays (US Department of Agriculture,
Soil Conservation Service 1987). The mixed-grass prairie is a mixture of both mid-size
grasses and short grasses (Lauenroth et al. 1994). The dominant mid-size grasses are C3
species and include, Pascopyrum smithii (Rydb.) A. Love (western wheatgrass) and
Nassella viridula (Trin.) Barkworth (green needlgeass). The dominant short grasses and
C4 species include buffalograss and Bouteloua gracilis (Willd. Ex Kunth) Lag. Ex
Griffiths (blue grama) (Stubbendieck et al. 1992).

TREATMENTS
Three disturbance treatments were compared in this study including conventional
continuous season-long summer grazing (CG), wildfire (WF), and heavy winter grazing
(WPG). WPG was accomplished by temporarily isolating the patch area with electric
fencing and stocking the area with non-lactating, mid-gestational beef cows during the
winter months (non-growing season). Mineral and protein was available for the cows to
minimize the potential negative effect on their performance and to encourage them to
consume low quality-dormant winter forage. Cattle were removed from the WPG
pastures when the standing vegetation was reduced to the height of 5-cm. The WF
treatment was a wildfire that occurred in October 2016 that burned over 16,188 hectares
of land, which included areas of the current study. The last treatment continuous seasonlong grazing (CG), which is the traditional grazing strategy used across the Northern
Great Plains, was used as the control in this study. In the summer for approximately 3.5
months starting in mid-May, yearling steers grazed each CG paddock at a moderate
stocking rate (55AUM). In the summers following the initial disturbances yearling steers
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had free access to each treatment in the entire pasture except for the exclosures where the
buffalograss was collected.

EXPERIMENTAL DESIGN
This study assessed the impacts of three treatments (CG, WF, and WPG) on the
performance of the perennial C4 plant buffalograss. The experiment was a randomized
block design with three pastures (blocks) ranging from 50-70 hectares and three
treatments inside each pasture. Five exclosures (4.8-m x 4.8-m) were constructed within
each treatment within each pasture totaling fifteen exclosures/treatment. Exclosures were
randomly placed within each treatment based on similar soil types.

WF

WF

WF

Figure 4.2 Layout of the randomized block design with treatments and pastures (blocks)
represented. The WF treatment is a wildfire burn that occurred in October 2016 that
burned substantial portions of the study. Each pasture was divided into three treatments
and inside each treatment there were five exclosures where samples were collected.
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SAMPLING AND PROCESSING
We collected soil cores within the exclosures that contained a buffalograss patch
three times throughout the second year post-treatments. The sampling dates (sampling
events) were June 13, July 2, and July 29 of 2018; dates were all approximately three
weeks apart, so we could see the differences in growth between early, mid, and late
summer.
Sampling was conducted using a golf hole cutter, which was 10-cm in diameter x
10-cm in depth. One sample was randomly selected where a buffalograss patch was
present from each exclosure, totaling five samples for each treatment/pasture. Samples
were stored in a plastic bag in a refrigerator (4oC) until they were later carefully washed
to remove all excess soil. Cleaned samples were separated into each crown and stolon
tiller by generation (Figure 4.3). We separated the crown and stolon tillers into three
generations (1st, 2nd, and 3rd). We also counted total tillers and stolons for each sample,
which allowed us to calculate density for each of those variables. The last variable we
measured was total length of stolon within the core.
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Figure 4.3 Diagram of the tiller generations on both the crown and stolon tillers. F1C
represents the first-generation crown tillers, F2C are the second-generation crown tillers,
F1S signifies the first-generation stolon tillers, F2S are the second-generation stolon
tillers, and last is the S-tip, which is the stolon tip.

DATA COLLECTION
Once the generations were separated, we began to look for and identify buds. For
each generation of crown and stolon tiller, we randomly selected two tillers. We used a
dissecting microscope to locate buds on each of the two tillers being observed. The length
of each tiller was also measured in (cm) to see if there was a correlation between the
number of buds/tiller and tiller height.

DATA ANALYSIS
Data analysis was conducted using procedures in Program R (R Development
Core Team 2015). Normality tests using Shapiro-Wilks were performed on all response
variables including: total number of tillers/plant, total number of crown and stolon tillers
by generation, total number of stolons, stolon length, tiller height of randomly selected
tillers, and number of buds per randomly selected tillers. Analysis of variance was used to
test the effects of independent variables including: sampling date, pasture, treatment, and
exclosure, on the average number of tillers/0.1m2. Interactions were tested and included:
treatment*sampling event, treatment*pasture. The average numbers of stolons/0.1m2 and
buds/crown and stolon tiller failed to meet normality and a Kruskal-Wallis test was used
on the independent variables.
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Crown and Stolon Tiller Production
To assess the average tillers/0.1m2 we ran a mixed model ANOVA to compare the
means of all response variables. The fixed factors in the model included: sampling event
(mid-June, early July and late July), treatment (CG, WF, and WPG), and pasture (3, 5,
and 6) and the random factor was exclosure (1-5). No interactions were detected,
therefore the grazing treatment was analyzed with the sampling date and pasture
combined. A Tukey’s post hoc test was used for multiple comparison among the
independent variables; comparisons were significant if P < 0.05. To evaluate how
buffalograss allocates its resources we looked at the ratio of crown tillers to stolon tillers.
We took the total crown tillers divided by the total stolon tillers of all generations
combined and then we ran a mixed model ANOVA. The model included treatment (CG,
WF, and WPG), sampling event (early, mid, and late summer), pasture (3, 5, and 6),
exclosure (1-5), treatment*sampling event, and treatment*pasture. No interactions
occurred.

Stolon recruitment
The average number of stolons/0.1m2 was analyzed using a Kruskal-Wallis nonparametric test on the medians. Independent variables treatment, pasture, sampling event,
and exclosure had a significant effect if P<0.05. Multiple comparisons using the Tukey’s
test were performed on the independent variable sampling event, as it was the only
significant factor on stolon recruitment.
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Crown and Stolon Tiller Bud Production
The average number of crown and stolon tiller buds were analyzed using a
Kruskal-Wallis test on the medians. First, the generations of tillers were tested and were
significant for both the crown and stolon tillers buds (P<0.05). After the generations
were tested all other independent variables were tested including: treatment, sampling
event, pasture, and exclosure. To determine the total buds per core we used the equation:
𝑖=3
𝑗=2

∑ 𝑇𝑖𝑗 ∗ 𝐵𝑖𝑗
𝑖=1
𝑗=1

T = Tillers
B = Buds
i = generation of tiller (1st, 2nd, or 3rd)
j = crown or stolon tillers

Tiller recruitment
An understanding of where the majority of buds are coming from is important to
tiller recruitment. Therefore, we analyzed the ratio of crown to stolon tiller buds using a
Kruskal-Wallis test. The independent variables included treatment, pasture, sampling
event, and exclosure.

Relationship Between Tiller Height and Number of Buds
To assess if size of tiller would have an effect on the number of buds
produced/tiller a linear regression was used. All treatments and sampling events were
combined for analysis. To test if the correlation was significant for both the crown and
stolon tiller buds we used the Pearsons correlation test. The r-value generated for crown
tiller buds was 0.499 and stolon tiller buds was 0.23. We then calculated a P-value on a
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95% confidence interval based on the r-values. A two-sample t-test was also used
between crown tiller height and stolon tiller height with all generations, pastures, and
sampling events combined.

RESULTS
Crown and Stolon Tiller Production
Buffalograss tiller recruitment (which includes 1st, 2nd, and 3rd generation tillers
on both crowns and stolons) was similar (P=0.40) among all three treatments after two
years of recovery. Sampling event did have a significant effect (P<0.0001) on the
number of tillers produced. Total tillers were higher in the first sampling date (late
spring) compared to the last sampling date (late summer) (Figure 4.4).

June 13

July 2

July 29

Avg. # Tillers/0.1m2

800

600

A

A

A

A
A

AB
B
B

B

400

200

0
CG

PBG
WF

WPG

Treatment

Figure 4.4 Average number of tillers/0.1m2 for continuous season-long grazing (CG),
wildfire (WF), and heavy winter grazing (WPG) across all three sampling dates (mean ±
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standard error). Different letters indicate significant differences within the treatment
across the sampling date. Treatments had no effect on the average number of
tillers/0.1m2.

Stolon Recruitment
Treatment had no effect (P=0.1) on the total number of stolons produced for any
of the sampling dates, but the total number of stolons was significantly higher in mid
summer compared to late summer. Early summer did have a trend that was higher than
late spring, but was not significant (Figure 4.5).
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Figure 4.5 Average number of stolons/0.1m2 for continuous season-long grazing (CG),
wildfire (WF), and heavy winter grazing (WPG) across all three sampling dates (mean ±
standard error). Different letters indicate significant differences within the treatment
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across the sampling date. Treatments had no effect on the average number of
stolons/0.1m2.

Crown and Stolon Tiller Bud Production
The crown and stolon tiller buds were not impacted by treatment or sampling
event after two years, but the generation of tiller had a significant effect (P<0.001) on the
number of buds produced (Figure 4.6). The first-generation tillers produced over 90% of
the total buds, while the second generation produced less than 10% for both the crown
and stolon tillers.
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Figure 4.6 A) Average number of crown tiller buds and B) average number of stolon
tiller buds/0.1m2 for both first and second-generation tillers for continuous season-long
grazing (CG), wildfire (WF), and heavy winter grazing (WPG) with all three sampling
dates combined (mean ± standard error). Different upper-case letters indicate significant
differences within the treatment and within the same generation, lower case letter indicate
significant differences among the treatments for each generation of tiller.

Tiller recruitment
The percent ratio of crown tiller buds to stolon tiller buds was similar among all
three treatments, but there was a significant difference (P<0.05) in the number of crown
tiller buds produced compared to stolon tiller buds. The crown tillers produced the
majority of the buds with all three treatments being similar (Table 4.1). Neither sampling
event nor treatment had an effect (P>0.05) on the number of buds produced from crown
and stolon tillers.

Table 4.1 Ratio of crown tiller buds to stolon tiller buds (mean ± standard error) for
continuous season-long grazing (CG), wildfire (WF), and heavy winter grazing (WPG)
for all three sampling periods combined. Different letters indicate a significant difference
(P<0.05) within treatment between crown tiller and stolon tillers buds.

Crown Tiller Buds to Stolon Tiller Buds Ratio
CG
WF

WPG

Crown Tiller Buds

96 ± 2.0 % a

94 ± 1.6 % a

96 ± 1.3 % a

Stolon Tiller Buds

4 ± 2.0 % b

6 ± 1.6 % b

4 ± 1.3 % b
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Relationship Between Tiller Height and Number of Buds
Our results from the linear regression with all treatments and sampling events
combined suggest that larger sized crown tillers produced significantly more (P<0.001)
buds than smaller sized tillers. There was not a significant relationship between height of
stolon tiller and number of buds/tiller. Results from the two-sample t-test indicate that the
crown tiller height and stolon tiller height are significantly different (P<0.001). Mean
height of the stolon tillers was significantly lower (P<0.001) than the mean height of

No. of Buds/Tillers

crown tillers with all generations, pastures, and sampling events combined.
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R² = 0.25, P<0.001, N = 493

y = 0.0794x + 0.3382
R² = 0.05, P>0.05, N = 166
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20
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Figure 4.7 Relationship between tiller height and number of buds produced for both
crown tillers and stolon tillers. All three treatments and sampling dates were combined
for more samples.

DISCUSSION
Buffalograss is a widely distributed perennial short grass that reproduces clonally
through aboveground stolons (Senft et al. 1985, Maurer et al. 2016). It is not only
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important for forage on rangelands; it is also used quite often on golf courses and lawns
(Riordan 1991). The warm season grass species is grazed by livestock and several
wildlife species and it is vital component of the shortgrass and mixed-grass prairies
(Brakie 2013). Buffalograss plays an important role in providing high quality forage and
nutritional qualities to livestock (Pozarnsky 1983, USDA 2006) and since it is a short
grass, it is well protected from grazing animals (Leithead et al. 1971). Buffalograss does
not only provide livestock with forage, it has other benefits including high drought
tolerance (Steinke et al. 2011) and erosion control (Brakie 2013).

Crown and Stolon Tiller Production
In the tallgrass prairie perennial graminoid species dominate the landscape that
reproduce via the bud bank, with little reproduction and establishment from the seed bank
(Benson and Hartnett 2006). In the mixed-grass prairie perennial graminoids also
dominate the landscape with species such as buffalograss that reproduce via the bud
bank. Disturbances such as fire and grazing have helped in the formation of current
grasslands (Knapp et al. 1999) and can have an impact on bud banks, which change the
aboveground vegetation cover (Dalgleish and Hartnett 2006, Carter et al. 2012). In our
study we found buffalograss tiller production to be recovered after two years postdisturbance in both the wildfire and heavy winter grazing compared to the traditional
continuous season-long grazing. There was no grazing after the initial treatments. In
patch-burn and winter-patch grazed management systems, however, the burned or wintergrazed patches would likely be subject to heavy grazing the first year, and likely
subsequent years, after disturbance. In conventional continuous season-long summer
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grazing management, grazing would likely occur, however at a much less intense rate. It
is likely, then that the responses of buffalograss tillers would be different to some extent.
The date of the sampling event was important in the production of tillers in our study.
Although our results suggest that buffalograss in the wildfire and heavy winter
grazing were recovered compared to conventional continuous season-long summer
grazing after two years and treatment had no effect, results may have changed depending
on a variety of factors including the year of sampling. Redmann et al. (1993) found after
one year of recovery, early season growth was delayed and by the second and third year
of recovery plants were recovered. The 2016 wildfire in our study occurred in a very dry
October. The wildfire was very hot and it burned all the aboveground vegetation and
litter, which left extensive areas of bare soil. Our experiment was exclusively in 2018 two
years after the initial disturbance, when the field site experienced above average
precipitation (Figure A.2). Previous literature suggests the buffalograss response to
disturbance is largely dependent on precipitation (Launchbaugh 1964, Morrison et al.
1986, Ford 1999). Since there was above average precipitation in 2018 compared to the
long term, treatment did not have an influence on buffalograss performance. If this study
would have taken place the first year after the disturbances (2017), the outcome might
have changed and treatment may have had an effect. Also the outcome may have changed
if subsequent summer grazing had occurred in 2017 and 2018.

Stolon Recruitment
The sampling event captured stolon production and distribution dynamics with
more recruitment occurring in the early summer. We hypothesize that in the early
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growing season buffalograss allocates more resources towards tiller production and as the
growing season continues more resources are put towards stolon recruitment. Typically,
early emerging plant species have a higher probability of surviving (Miller 1987); so we
believe buffalograss begins with high tiller production early in the growing season and
then spreads by stolon later in the growing season, expanding its territory.

Crown and Stolon Tiller Bud Production
The maintenance of aboveground plant populations in perennial grasslands are
mainly driven by sexual reproduction with the majority of ramet recruitment occurring
early in the growing season (Benson and Hartnett 2006). Bud production in our
buffalograss samples demonstrated that the majority of buds originated from the firstgeneration crown tillers that likely grew early in the growing season, which helped in the
maintenance of aboveground populations. The second and third generation tillers, which
likely grew later in the growing season had very few buds and probably did not help in
the current year’s population of buffalograss.
Treatment did not affect the bud production, which could be a result of the season
and intensity of disturbance. The intense wildfire occurred in the fall during the nongrowing season when the plants were dormant. In the past, after a prescribed fall burn,
buffalograss has been proven to significantly increase in cover after one year of recovery
(Box et al. 1967). Conversely, Launchbaugh 1964 found that a spring wildfire burn
decreased buffalograss yield the first and second year, but by the third year it was
recovered. Season of fire obviously can have an impact on the performance of
buffalograss along with intensity (wildfire vs.prescribed).
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The intense heavy winter grazing occurred in the winter, which was also during
the non-growing season. In heavily grazed pastures, tall and mid size grasses are usually
replaced by short grasses such as buffalograss (Lauenroth et al. 1994). Since we sampled
in the mixed-grass prairie, we expected more bud production in the heavy winter graze
from buffalograss. Again, this goes back to year of sampling (Redmann et al. 1993); if it
would have occurred during the first year of recovery treatment may have had an effect
on the overall performance of buffalograss.

Relationship Between Tiller Height and Number of Buds
Little information pertaining to tiller height and number of buds/tiller exists, but
Ott and Hartnett (2011) found in the tallgrass prairie, that larger Andropogon gerardii
Vitman (big bluestem) tillers produced more buds than smaller tillers. The crown and
stolon tillers were different in that the larger crown tillers produced more buds than the
smaller crown tillers and the stolon tillers showed no pattern. Crown tillers were on
average larger sized compared to stolon tillers, which might have played a role in the
number of buds/tiller. Knowing this information could potentially help land managers
determine the growth potential of buffalograss. A taller buffalograss stand could mean
more standing biomass with the production of more tillers.

CONCLUSIONS
Disturbances such as grazing and fire have helped in the formation of current
mixed-grass prairies in North American. Buffalograss is a dominant species within these
grasslands and is important for livestock grazing due to its nutritional value. Buffalograss
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is also commonly used as a turf grass for golf courses and lawns. Our findings indicate
that, after two years of recovery, buffalograss tiller and stolon performance were similar
under both an intense wildfire and heavy winter graze compared to conventional
continuous season-long grazing in a mixed-grass prairie. Treatment may have had a
short-term (one year) effect; therefore further investigation is needed to improve the
knowledge of how historic disturbances such as grazing and fire affect a dominant short
grass species such as buffalograss in the mixed-grass prairie.
This information can be used as a tool for future management to maintain the
population of buffalograss. We propose that when an intense disturbance occurs such as
fire or heavy grazing in the non-growing season the dominant species buffalograss will
recover quickly.
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OVERALL CONCLUSION
With regards of future management in the Northern Great Plains mixed-grass
prairie based on my study, I would suggest using heavy winter grazing as an alternative
to patch-burn grazing. My study focued on vegetation recovery inside exclosures, but the
overall project was intended to use heavy winter grazing as a rotational system. I would
recommend every year, 20-25% of the pasture be grazed heavily in the winter. This will
create structural heterogeneity by altering vegetation height, litter cover, litter depth, and
the amount of bare soil and may potentially improve compositional heterogeneity over
time by increaing diversity and species richness across the pasture. In the summers
following the treatment, livestock will be managed with conventional continuous seasonlong summer grazing to graze the patches that were formed from the winter grazing. The
livestock grazing in the summer will maintain the short vegetation structure that was
created from the winter grazing throughout the summer. This process will enhance
structural heterogeneity by creating a landscape similar to historic regimes of tall and
short vegetation stature across the pasture. A better understanding of how heavy winter
grazing affects the vegetation outside of exclosures is needed, as this study only
evaluated vegetation aboveground and in the soil seed bank after a one-time heavy winter
graze inside exclosures. Multiple years of heavy winter grazing may yield different
results, but our study should provide managers with valuable insight on the management
practice.
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APPENDIX A
Table A.1 Species list for Cottonwood, SD for 2017 and 2018

Species List for the Soil Seed Bank in Cottonwood, SD
Common Name

Scientific Name

Origin

Life Span

2017

2018

Blue grama

Bouteloua gracilis (Willd. Ex Kunth) Lag. Ex Griffiths

N

P

Xa

X

Buffalograss

Bouteloua dactyloides (Nutt.) J.T. Columbus

N

P

X

X

Green foxtail

Setaria viridis (L.) P. Beauv

I

A

X

X

Green needlegrass

Nassella viridula (Trin.) Barkworth

N

P

X

X

Japanese brome

Bromus japonicus L.

I

P

X

Prairie junegrass
Kentucky bluegrass

Koelaria macrantha (Ledeb.) Schult.
Poa pratensis L.

N

P

X

X

I

P

X

X

Meadow brome

Bromus riparius Rehmann

I

P

X

Sand dropseed

Sporobolus cryptandrus (Torr.) A. Gray

N

P

X

Sideoats grama

Bouteloua curtipendula (Michx.) Torr.

N

P

X

Sixweeks fescue

Vulpia octoflora (Walter) Rydb.

N

A

X

Smooth brome

Bromus inermis

I

A

Western wheatgrass

Pascopyrum smithii (Rydb.) Á. Löve

N

P

X

X

Witchgrass

Panicum capillare L.

N

A

X

X

Carex duriuscula

N

P

X

X

Alfalfa

Medicago sativa L.

I

P

X

American vetch

Vicia americana Muha. Ex Willd.

N

P

X

Grasses

X
X
X

Grass-likes
Needleleaf sedge
Forbs
X
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Blacksamson echinacea

Echinacea angustifolia DC.

N

P

X

Bristly mousetail

Myosurus apetalus C. Gay

N

A

X

Canadian horseweed

Conyza canadensis (L.) Cronquist

N

A

X

X

Carolina draba

Draba reptans (lam.) Fernald

N

A

X

X

Common chickweed

Stellaria media (L.) Vill.

I

A

X

Common dandelion

Taraxacum officinale F.H. Wigg.

I

P

X

Common mullein

Verbascum thapsus L.

I

A/B

Common pepperweed

Lepidium densiflorum Schrad.

N

A

X

X

Common yarrow

Achillea millefolium L.

N

P

X

X

Common yellow oxalis

Oxalis stricta L.

N

P

X

X

Desert madwort

Alyssum desertorum Stapf

I

A

X

X

Drummonds fasle pennyroyal

Hedeoma drummondii Benth

N

P

X

Field cottonrose

Logfia arvensis (L.) Holub

I

A

X

X

Field pennycress

Thlaspi arvense L.

I

A

X

X

Hairy rockcress

Arabis hirsuta (L.) Scop.

N

A

X

X

Herb sophia

Descurainia sophia (L.) Webb ex Prantl

I

A

X

X

Little cryptantha

Cryptantha minima Rydb.

N

A

X

Littlepod falseflax

Camelina microcarpa Andrz. Ex DC.

I

A

Norwegian cinquefoil

Potentilla norvegica L.

N

A

X

Philadephia fleabane

Erigeron philadelphicus L.

N

A

X

Prairie fleabane

Erigeron strigosus Muhl. Ex Willd.

N

A

X

Prostate pigweed

Amaranthus albus L.

N

A

X

Purple milkvetch

Astragalus agrestis Douglas ex G. Don

N

P

X

Red clover

Trifolium pratense L.

I

A/B

X

Redroot amaranth

Amaranthus retroflexus L.

N

A

X

Ribseed sandmat

Chamaesyce glyptosperma (Engelm.) Small

N

A

X

Rough false pennyroyal

Hedeoma hispida Pursh

N

A

X

Silverleaf Indian breadroot

Pediomelum argophyllum (Pursh) J. Grimes

N

P

X
X

X

X

X
X
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Shortstalk chickweed

Cerastium brachypodum (Engelm. Ex A. Gray) B.L. Rob.

N

P

X

Sleepy silene

Silene antirrhina L.

N

A

X

X

Slim pod Venus’ looking-glass

Triodanis leptocarpa (Nutt.) Nieuwl

N

A

X

X

Small tumbleweed mustard

Sisymbrium loeselii L.

I

A

X

X

Stinging nettle

Urtica dioica L.

I

P

X

Sweetclover

Melilotus officinalis (L.) Lam.

I

A/B

X

Thymelaf sandmat

Chamaesyce serphyllifolia (pers.) Small ssp. Serphyllifolia

N

A

X

Upright prairie coneflower

Ratibida columnifera (nutt.) Wooton & Standl

N

P

X

Unknown forb 1

----

----

----

X

Unknown forb 2

----

----

----

X

Warty spurge

Euphorbia spathulata Lam.

N

A

X

X

Western rockjazmine

Androsace occidentalis Pursh

N

A

X

X

Western tangy mustard

Descurainia pinnata (Walter) Britton

N

A/B

X

X

Western wallflower

Erysimum asperum (Nutt.) DC.

N

P

X

X

White heath aster

Symphyotrichum ericoides (L.) G.L. Nesom

N

P

X

Woolly plantain

Plantago patagonica Jacq.

N

A

X

X
X

X

Sub-shrub and Shrubs
Prairie sagewort
Artemisia frigida Willd.
N
P
X
X
Notes: Xa = Occurred, Nomenclature follows the PLANTS database (USDA, NRCS 2006), Orgin – N = native, I = introduced | Life Span – P = perennial, A = annual, A/B
= annual/biannual
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Table A.2 Fixed effects and associated P-value for dependent variables for both years
post-treatments combined. A Kruskal-Wallis (KW) test was used on all dependent
variables that failed to meet normality.

Dependent Variables

Analysis

Year

Treatment

Pasture

Species Richness

KW

0.855

0.000

0.900

Diversity (H')

KW

0.666

0.021

0.122

Evenness

KW

0.843

0.390

0.025

Seed Density/m-2

KW

0.129

0.000

0.574

A/B richness

KW

0.330

0.000

0.436

Perennial richness

KW

0.101

0.000

0.384

Native richness

KW

0.337

0.001

0.303

Introduced richness

KW

0.368

0.000

0.371

Forb richness

KW

0.877

0.000

0.994

Graminoid richness

KW

0.739

0.000

0.651
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Table A.3 Seed bank dependent variables responses to treatment. Dependent variables
that failed to meet normality used a Kruskal-Wallis (KW) test and the Median is
represented. Different letters indicate a significant difference among treatments for each
dependent variable.

Dependent Variables

Analysis Test

CG

WF

WPG

Richness

KW

10.0

A

7.0

B

11.0

A

0.000

Diversity (H')

KW

1.8

A

1.6

B

1.8

A

0.021

Evenness

KW

0.8

Seed Density/m-2

KW

3407.5

A

1847.1

B

3726.1

A

0.000

A/B Richness

KW

7.0

A

5.0

B

7.0

A

0.000

Perennial Richness

KW

3.0

A

2.0

B

4.0

A

0.000

Native Richness

KW

8.0

A

6.0

B

8.0

A

0.001

Introduced Richness

KW

3.0

A

1.0

B

3.0

A

0.000

Forb Richness

KW

8.0

A

6.0

B

8.0

A

0.000

Graminoid Richness

KW

3.0

A

1.0

B

3.0

A

0.000

0.8

P-Value

0.8

0.390
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Figure A.1 Deviations of monthly temperature from the 30 year (1987-2016) average for
Cottonwood, SD in 2017 and 2018
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Figure A.2 Deviations of monthly precipitation from the 30 year (1987-2016) average
for Cottonwood, SD in 2017 and 2018
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APPENDIX B
Table B.1 Species list for the Cottonwood, SD mixed-grass prairie aboveground vegetation in 2017 for both June and July sampling
events with all three treatments combined (CG, WF, and WPG). Life span (P=perennial, A=annual, A/B=annual/biannual),
conservation value (C-value)

Common Name
Grasses
Blue grama
Buffalograss
Green needlegrass
Japanese brome
Prairie junegrass
Kentucky bluegrass
Needleandthread
Red threeawn
Sand dropseed
Sideoats grama
Western wheatgrass

Species List for Aboveground Vegetation in Cottonwood, SD 2017
Scientific Name
Family

Life Span

C-value

June

July

Bouteloua gracilis (Willd. Ex Kunth) Lag. Ex Griffiths
Bouteloua dactyloides (Nutt.) J.T. Columbus
Nassella viridula (Trin.) Barkworth
Bromus japonicus L.
Koelaria macrantha (Ledeb.) Schult.
Poa pratensis L.
Hesperostipa comata (Trin. & Rupr.) Barkwoth
Aristida purpurea Nutt.
Sporobolus cryptandrus (Torr.) A. Gray
Bouteloua curtipendula (Michx.) Torr.
Pascopyrum smithii (Rydb.) Á. Löve

Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae
Poaceae

P
P
P
P
P
P
P
P
P
P
P

7
4
5
*
7
*
6
4
6
5
4

Xa
X
X
X
X
X
X
X
X
X
X

X
X
X
X

Grass-likes
Sedge spp.
Sun sedge
Threadleaf sedge

Carex spp.
Carex inops L.H. Bailey
Carex filifolia Nutt.

Cyperaceae
Cyperaceae
Cyperaceae

P
P
P

7
7
7

X
X
X

X

Forbs
American vetch

Vicia americana Muha. Ex Willd.

Fabaceae

P

6

X

X

X
X
X
X
X
X

X
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Bastard toadflax
Blue lettuce
Broadbeard beardtonge
Common dandelion
Common yarrow
Cudweed (white) sagewort
Field bindweed
Field pennycress
Goatsbeard (yellow salsify)
Hood's phlox
Littlepod falseflax
Missouri goldenrod
Nuttall's violet
Penstamon spp.
Prairie fleabane
Purple milkvetch
Rough false pennyroyal
Rush skeletonplant
Scarlet beeblossom
Scarlet globemallow
Silverleaf Indian breadroot
Slender beardstounge
Slimflower scurfpea
Sweetclover
Tall breadroot scurfpea
Upright prairie coneflower
White heath aster
White milkwort
Whorled milkwort
Woolly plantain

Comandra umbellata (L.) Nutt.
Lactuca tatarica (L.) C.A. Mey
Penstemon angustifolius Nutt. Ex Pursh
Taraxacum officinale F.H. Wigg.
Achillea millefolium L.
Artemisia ludoviciana Nutt.
Convolvulus arvensis L.
Thlaspi arvense L.
Tragopogon dubius Scop.
Phlox hoodii Richardson
Camelina microcarpa Andrz. Ex DC.
Solidago missouriensis Nutt.
Viola nuttallii Pursh
Penstemon spp.
Erigeron strigosus Muhl. Ex Willd.
Astragalus agrestis Douglas ex G. Don
Hedeoma hispida Pursh
Lygodesmia juncea (Pursh) D. Don ex Hook
Oenothera suffrutescens (ser.) W.L. Wagner & Hoch
Sphaeralcea coccinea (Nutt.) Rydb.
Pediomelum argophyllum (Pursh) J. Grimes
Penstemon gracilis Nutt.
Psoralidium tenuiflorum (Pursh) Rydb.
Melilotus officinalis (L.) Lam.
Pediomelum cuspidatum (Pursh) Rydb.
Ratibida columnifera (nutt.) Wooton & Standl
Symphyotrichum ericoides (L.) G.L. Nesom
Polygala alba Nutt.
Polygala verticillata L.
Plantago patagonica Jacq.

Comandraceae
Asteraceae
Scrophulariaceae
Asteraceae
Asteraceae
Asteraceae
Convolvulus
Brassicaceae
Asteraceae
Polemoniaceae
Brassicaceae
Asteraceae
Violaceae
Plantaginaceae
Asteraceae
Fabaceae
Lamiaceae
Asteraceae
Onagraceae
Malvaceae
Fabaceae
Plantaginaceae
Fabaceae
Fabaceae
Fabaceae
Asteraceae
Asteraceae
Polygalaceae
Polygalaceae
Plantaginaceae

P
A/B
P
P
P
P
P
A
A/B
P
A
P
P
P
A
P
A
P
P
P
P
P
P
A/B
P
P
P
P
P
A

8
1
9
*
3
3
*
*
*
6
*
5
8
7
3
6
2
2
4
4
4
6
7
*
8
3
2
5
8
1

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
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Sub-shrub and Shrubs
Priarie sagewort

Artemisia frigida Willd.

Asteraceae

P

4

X

X

Succulents
Pincusion cactus (spinystar)
Pricklypear cactus

Escobaria vivipara (Nutt.) Buxbaum var. vivipara
Opuntia Mill.

Cactaceae
Cactaceae

P
P

10
5

X
X

X
X

Notes: Xa = occurred, nomenclature follows the PLANTS database (USDA, NRCS 2006), Life Span – P = perennial, A = annual, A/B = annual/biannual, C-value - * = Introduced
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Table B.2 Species list for the Cottonwood, SD mixed-grass prairie aboveground vegetation in 2018 for both June and July sampling
events with all three treatments combined (CG, WF, and WPG). Life span (P=perennial, A=annual, A/B=annual/biannual),
conservation value (C-value)

Species List for Aboveground Vegetation in Cottonwood, SD 2018
Common name

Scientific Name

Family

Life Span

C-value

June

July

Grasses
Blue grama

Bouteloua gracilis (Willd. Ex Kunth) Lag. Ex Griffiths

Poaceae

P

7

Xa

X

Bouteloua dactyloides (Nutt.) J.T. Columbus

Poaceae

P

4

X

X

Green needlegrass

Nassella viridula (Trin.) Barkworth

Poaceae

P

5

X

X

Intermediate wheatgrass

Thinopyrum intermedium (Host) Barkworth & D.R. Dewey

Poaceae

P

*

Japanese brome

Bromus japonicus L.

Poaceae

P

*

X

X

Koelaria macrantha (Ledeb.) Schult.

Poaceae

P

7

X

X

Kentucky bluegrass

Poa pratensis L.

Poaceae

P

*

X

X

Little barley

Hordeum pusillum Nutt.

Poaceae

A

0

X

Needleandthread

Hesperostipa comata (Trin. & Rupr.) Barkwoth

Poaceae

P

6

X

Elymus repens (L.) Gould

Poaceae

P

*

Red threeawn

Aristida purpurea Nutt.

Poaceae

P

4

X

X

Sand dropseed

Sporobolus cryptandrus (Torr.) A. Gray

Poaceae

P

6

X

X

Sideoats grama

Bouteloua curtipendula (Michx.) Torr.

Poaceae

P

5

X

X

Vulpia octoflora (Walter) Rydb.

Poaceae

A

0

X

X

Pascopyrum smithii (Rydb.) Á. Löve

Poaceae

P

4

X

X

Buffalograss

Prairie junegrass

Quackgrass

Sixweeks fescue
Western wheatgrass
Grass-Likes

X

X
X
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Inflated narrow-leaf sedge

Carex grisea Whhlenb.

Cyperaceae

P

10

Sedge species

Carex spp.

Cyperaceae

P

7

X

Threadleaf sedge

Carex filifolia Nutt.

Cyperaceae

P

7

X

Forbs
American bird's-foot trefoil

Lotus unifoliolatus (Hook.) Benth.

Fabaceae

P

*

X

American vetch

Vicia americana Muha. Ex Willd.

Fabaceae

P

6

X

X

Comandra umbellata (L.) Nutt.

Comandraceae

P

8

X

X

Blue lettuce

Lactuca tatarica (L.) C.A. Mey

Asteraceae

A/B

1

X

X

Canadian horseweed

Conyza canadensis (L.) Cronquist

Asteraceae

A/B

0

X

X

Carolina draba

Draba reptans (Lam.) Fernald

Brassicaceae

A

1

X

X

Taraxacum officinale F.H. Wigg.

Asteraceae

P

*

X

X

Common evening primrose

Oenothera biennis L.

Onagraceae

A/B

0

X

Common yarrow

Achillea millefolium L.

Asteraceae

P

3

X

X

Common yellow oxalis

Oxalis stricta L.

Oxalidaceae

P

0

X

X

Artemisia ludoviciana Nutt.

Asteraceae

P

3

X

X

Curlycup gumweed

Grindelia squarrosa (Pursh) Dunal

Asteraceae

A/B

1

X

X

Desert biscutroot

Lomatium foeniculaceum (Nutt.) J.M. Coult. & Rose

Apiaceae

P

6

X

Field bindweed

Convolvulus arvensis L.

Convolvulus

P

*

X

X

Logfia arvensis (L.) Holub

Asteraceae

A

*

X

X

Field pennycress

Thlaspi arvense L.

Brassicaceae

Goatsbeard (yellow salsify)

Tragopogon dubius Scop.

Asteraceae

Hood's phlox

Phlox hoodii Richardson

Bastard toadflax

Common dandelion

Cudweed (white) sagewort

Field cottonrose

X

A

*

X

X

A/B

*

X

X

Polemoniaceae

P

6

X

X

Bassia scoparia L.

Amaranthaceae

A

*

Large Indian breadroot

Pediomelum esculentum (Pursh) Rydb.

Fabaceae

P

9

X

X

Littlepod false flax

Camelina microcarpa Andrz. Ex DC.

Brassicaceae

A

*

X

X

Longbract spiderwort

Tradescantia bracteata Small

Commelinaceae

P

7

X

Zigadenus venenosus S. Watson

Melanthiaceae

P

7

X

Kochia (burningbush)

Meadow death camas

X
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Missouri goldenrod

Solidago missouriensis Nutt.

Asteraceae

P

5

X

X

Nuttall's violet

Viola nuttallii Pursh

Violaceae

P

8

X

X

Prickly lettuce

Lactuca serriola L.

Asteraceae

A

*

X

Astragalus agrestis Douglas ex G. Don

Fabaceae

P

6

X

X

Rough false pennyroyal

Hedeoma hispida Pursh

Lamiaceae

A

2

X

X

Rush skeletonplant

Lygodesmia juncea (Pursh) D. Don ex Hook

Asteraceae

P

2

X

X

Russian thistle

Salsola kali L.

Amaranthaceae

A

*

X

Oenothera suffrutescens (ser.) W.L. Wagner & Hoch

Onagraceae

P

4

X

X

Scarlet globemallow

Sphaeralcea coccinea (Nutt.) Rydb.

Malvaceae

P

4

X

X

Silverleaf Indian breadroot

Pediomelum argophyllum (Pursh) J. Grimes

Fabaceae

P

4

X

X

Sleepy silene

Silene antirrhina L.

Caryophyllaceae

A

3

X

X

Penstemon gracilis Nutt.

Plantaginaceae

P

6

X

X

Slim pod Venus’ looking-glass

Triodanis leptocarpa (Nutt.) Nieuwl.

Campanulaceae

P

8

X

X

Slimflower scurfpea

Psoralidium tenuiflorum (Pursh) Rydb.

Fabaceae

P

7

X

X

Spotted sandmat

Chamaesyce maculata (L.) Small

Euphorbiaceae

A

8

X

X

Linum rigidum Pursh

Linaceae

A

5

X

Sweetclover

Melilotus officinalis (L.) Lam.

Fabaceae

A/B

*

X

Tall breadroot scurfpea

Pediomelum cuspidatum (Pursh) Rydb.

Fabaceae

P

8

X

Tall tumblemustard

Sisymbrium altissimum L.

Brassicaceae

A/B

*

X

Unknown forb 1

-----

---

---

X

Unknown forb 2

-----

---

---

X

Unknown forb 3

-----

---

---

X

Upright prairie coneflower

Ratibida columnifera (nutt.) Wooton & Standl

Asteraceae

P

3

X

Hackelia virginiana (L.) I.M. Johnst

Boraginaceae

P

0

X

Warty spurge

Euphorbia spathulata Lam.

Euphorbiaceae

A

5

X

Western rockjazmine

Androsace occidentalis Pursh

Primulaceae

A

5

X

X

Western wallflower

Erysimum asperum (Nutt.) DC.

Brassicaceae

P

3

X

X

Symphyotrichum ericoides (L.) G.L. Nesom

Asteraceae

P

2

X

X

Purple milkvetch

Scarlet beeblossom

Slender beardstounge

Stiffstem flax

Virginia stickseed (beggarslice)

White heath aster

X
X

X
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White milkwort

Polygala alba Nutt.

Polygalaceae

P

5

Whorled milkwort

Polygala verticillata L.

Polygalaceae

P

8

X

X

Woolly plantain

Plantago patagonica Jacq.

Plantaginaceae

A

1

X

X

Sub-shrub
Prairie sagewort

Artemisia frigida Willd.

Asteraceae

P

4

X

X

Succulents
Pincusion cactus (spinystar)

Escobaria vivipara (Nutt.) Buxbaum var. vivipara

Cactaceae

P

10

X

X

Pricklypear cactus

Opuntia Mill.

Cactaceae

P

5

X

X

X

Notes: X = occurred, nomenclature follows the PLANTS database (USDA, NRCS 2006), Life Span – P = perennial, A = annual, A/B = annual/biannual, C-Value - * = Introduced
a
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Table B.3 Species list and aboveground vegetation species relative cover (%) for continuous season-long grazing, heavy winter
grazing, and wildfire for Cottonwood, SD in 2017 and 2018 with June and July sampling events combined
Common Name

Scientific Name

Family

Origin

Life
Span

CValue

2017

2018
Relative cover (%)

CG

PBG

WPG

CG

PBG

WPG

Grasses
Western wheatgrass

Pascopyrum smithii (Rydb.) Á. Löve

Po

N

P

4

41.4

37.0

48.9

45.7

43.1

46.4

Buffalograss

Bouteloua dactyloides (Nutt.) J.T. Columbus

Po

N

P

4

22.8

20.9

16.6

24.0

14.3

17.7

Blue grama

Bouteloua gracilis (Willd. Ex Kunth) Lag. Ex Griffiths

Po

N

P

7

11.4

11.9

8.8

4.6

8.4

11.9

Kentucky bluegrass

Poa pratensis L.

Po

I

P

*

9.5

7.1

5.7

4.3

1.1

2.0

Green needlegrass

Nassella viridula (Trin.) Barkworth

Po

N

P

5

2.1

2.1

<1

1.2

<1

<1

Red threeawn

Aristida purpurea Nutt.

Po

N

P

4

1.4

<1

<1

<1

1.6

<1

Sixweeks fescue

Vulpia octoflora (Walter) Rydb.

Po

N

A

0

1.4

<1

<1

<1

Japanese brome

Bromus japonicus L.

Po

I

P

*

<1

<1

3.3

<1

2.0

Prairie junegrass

Koelaria macrantha (Ledeb.) Schult.

Po

N

P

7

<1

<1

<1

<1

<1

Sand dropseed

Sporobolus cryptandrus (Torr.) A. Gray

Po

N

P

6

<1

Intermediate Wheatgrass

Thinopyrum intermedium (Host) Barkworth & D.R. Dewey

Po

I

P

*

<1

Little barley

Hordeum pusillum Nutt.

Po

N

A

0

<1

Needleandthread

Hesperostipa comata (Trin. & Rupr.) Barkwoth

Po

N

P

6

Quackgrass

Elymus repens (L.) Gould

Po

I

P

*

Sideoats grama

Bouteloua curtipendula (Michx.) Torr.

Po

N

P

5

Sedge species

Carex spp.

Cy

N

P

7

1.8

Sun sedge

Carex inops L.H. Bailey

Cy

N

P

7

<1

Inflated narrow-leaf sedge

Carex grisea Whhlenb.

Cy

N

P

10

<1

<1

<1

<1

1.4

<1

<1
2.3

2.0

7.8

5.3

1.4

<1

2.9

7.2

3.8

3.4

11.7

5.4

Grass-Likes
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Threadleaf sedge

Carex filifolia Nutt.

Cy

N

P

7

1.2

1.1

Common yarrow

Achillea millefolium L.

As

N

P

3

Scarlet globemallow

Sphaeralcea coccinea (Nutt.) Rydb.

Ma

N

P

4

1.7

American vetch

Vicia americana Muha. Ex Willd.

Fa

N

P

6

<1

Bastard toadflax

Comandra umbellata (L.) Nutt.

Com

N

P

8

<1

<1

<1

Blue lettuce

Lactuca tatarica (L.) C.A. Mey

As

N

A/B

1

<1

Common dandelion

Taraxacum officinale F.H. Wigg.

As

I

P

*

<1

<1

Cudweed (white) sagewort

Artemisia ludoviciana Nutt.

As

N

P

3

<1

<1

Field bindweed

Convolvulus arvensis L.

Con

I

P

*

<1

Purple milkvetch

Astragalus agrestis Douglas ex G. Don

Fa

N

P

6

<1

Goatsbeard (yellow salsify)

Tragopogon dubius Scop.

As

I

A/B

*

<1

Hood's phlox

Phlox hoodii Richardson

Pol

N

P

6

Littlepod false flax

Camelina microcarpa Andrz. Ex DC.

Br

I

A

Missouri goldenrod

Solidago missouriensis Nutt.

As

N

Nuttall's violet

Viola nuttallii Pursh

Vi

Scarlet beeblossom

Oenothera suffrutescens (ser.) W.L. Wagner & Hoch

On

Silverleaf Indian breadroot

Pediomelum argophyllum (Pursh) J. Grimes

Slender beardstounge

1.2

1.6

2.3

1.7

1.7

2.1

<1

<1

Forbs
3.3

<1

1.1

1.8

1.5

<1

1.6

<1

1.5
<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1
<1

<1

<1

<1

<1

<1

<1

<1

<1

*

<1

<1

<1

<1

<1

<1

P

5

<1

N

P

8

<1

<1

<1

<1

N

P

4

<1

<1

<1

<1

<1

<1

Fa

N

P

4

<1

<1

<1

<1

Penstemon gracilis Nutt.

Fa

N

P

6

<1

<1

<1

Slimflower scurfpea

Psoralidium tenuiflorum (Pursh) Rydb.

Fa

N

P

7

<1

1.1

<1

Tall breadroot scurfpea

Pediomelum cuspidatum (Pursh) Rydb.

Fa

N

P

8

<1

Upright prairie coneflower

Ratibida columnifera (nutt.) Wooton & Standl

As

N

P

3

<1

<1

<1

White heath aster

Symphyotrichum ericoides (L.) G.L. Nesom

As

N

P

2

<1

<1

<1

White milkwort

Polygala alba Nutt.

Poly

N

P

5

<1

<1

Whorled milkwort

Polygala verticillata L.

Poly

N

P

8

<1

Woolly plantain

Plantago patagonica Jacq.

Pl

N

A

1

<1

Sweetclover

Melilotus officinalis (L.) Lam.

Fa

I

A/B

*

<1

<1

<1

1.3

<1
<1
1.1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1
<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1
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American bird's-foot trefoil

Lotus unifoliolatus (Hook.) Benth.

Fa

I

P

*

Broadbeard beardtonge

Penstemon angustifolius Nutt. Ex Pursh

Pl

N

P

9

Canadian horseweed

Conyza canadensis (L.) Cronquist

As

N

A/B

0

<1

<1

<1

Carolina draba

Draba reptans (Lam.) Fernald

Br

N

A

1

<1

<1

<1

Common evening primrose

Oenothera biennis L.

On

N

A/B

0

<1

<1

Curlycup gumweed

Grindelia squarrosa (Pursh) Dunal

As

N

A/B

1

<1

Desert biscutroot

Lomatium foeniculaceum (Nutt.) J.M. Coult. & Rose

Ap

N

P

6

<1

<1

<1

Field cottonrose

Logfia arvensis (L.) Holub

As

I

A

*

<1

<1

<1

Field pennycress

Thlaspi arvense L.

Br

I

A

*

<1

<1

<1

Kochia (burningbush)

Bassia scoparia L.

Am

I

A

*

<1

<1

Large Indian breadroot

Pediomelum esculentum (Pursh) Rydb.

Fab

N

P

9

<1

<1

<1

Longbract spiderwort

Tradescantia bracteata Small

Comm

N

P

7

<1

<1

<1

Meadow death camas

Zigadenus venenosus S. Watson

Me

N

P

7

<1

<1

<1

Penstamon spp.

Penstemon spp.

Fa

N

P

7

<1

Prairie fleabane

Erigeron strigosus Muhl. Ex Willd.

As

N

A

3

<1

Prickly lettuce

Lactuca serriola L.

As

I

A

*

Rough false pennyroyal

Hedeoma hispida Pursh

La

N

A

2

Rush skeletonplant

Lygodesmia juncea (Pursh) D. Don ex Hook

As

N

P

2

Russian thistle

Salsola kali L.

Am

I

A

*

Sleepy silene

Silene antirrhina L.

Car

N

A

3

<1

<1

<1

Slim-pod Venus’ looking glass

Triodanis leptocarpa (Nutt.) Nieuwl.

Cam

N

P

8

<1

<1

<1

Spotted sandmat

Chamaesyce maculata (L.) Small

Eu

N

A

8

Stiffstem flax

Linum rigidum Pursh

Li

N

A

5

<1

Tall tumblemustard mustard

Sisymbrium altissimum L.

Br

I

A/B

*

<1

<1

<1

----

----

----

<1

<1

<1

----

----

----

<1

----

----

----

<1

N

P

0

Unknown forb 1
Unknown forb 2
Unknown forb 3
Virginia stickseed

---------Hackelia virginiana (L.) I.M. Johnst

Bo

<1
<1

<1

<1

<1
<1
<1

<1

<1

<1
<1

<1

<1
<1

<1

<1

<1

<1

<1

166

Warty spurge

Euphorbia spathulata Lam.

Eu

N

A

5

<1

<1

<1

Western rockjazmine

Androsace occidentalis Pursh

Pr

N

A

5

<1

<1

<1

Western wallflower

Erysimum asperum (Nutt.) DC.

Br

N

P

3

<1

<1

<1

Common yellow oxalis

Oxalis stricta L.

Ox

N

P

0

Artemisia frigida Willd.

As

N

P

4

<1

<1

Escobaria vivipara (Nutt.) Buxbaum var. vivipara

Cac

N

P

10

<1

<1

<1

Sub-shrub
Prairie sagewort

<1

1.2

<1

<1

Succulants
Pincusion cactus (spinystar)

<1

Pricklypear cactus
Opuntia Mill.
Cac
N
P
5
<1
<1
<1
<1
<1
Notes: Families = Am, Amaranthaceae; Ap, Apiaceae; As, Asteraceae; Bo, Boraginaceae; Br, Brassicaceae; Cac, Cactaceae; Cam, Campanulaceae; Car, Caryophyllaceae; Com,
Comandraceae; Comm, Commelinaceae; Con, Convolvulus; Cy, Cyperaceae; Eu, Euphorbiaceae; Fa, Fabaceae; La, Lamiaceae; Li, Linaceae; Ma, Malvaceae; Me, Melanthiaceae;
On, Onagraceae; Ox, Oxalidaceae; Pl, Plantaginaceae; Po, Poeceae; Pol, Polemoniaceae; Poly, Polygalaceae; Pr, Primulaceae; Vi, Violaceae
Orgin = N, native; I, introduced | Life Span = P = perennial, A = annual | C-value = * = introduced species
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Table B.4 Fixed and random effects and associated P-value for dependent variables
during the first year post-treatment. A Kruskal-Wallis test (KW) was used on all
dependent variables in 2017.

2017
Dependent Variables

Analysis Test

Season

Treatment

Pasture

Biomass

KW

---

0.0000

0.3794

Floristic Quality Index

KW

0.0009

0.7111

0.0151

% Vegetation Cover

KW

0.1273

0.0000

0.0844

% Litter Cover

KW

0.0000

0.0000

0.8938

% Bare Soil

KW

0.9291

0.0000

0.1241

Vegetation Height

KW

0.0080

0.0000

0.0027

Litter Depth

KW

0.9296

0.0000

0.0750

Diversity

KW

0.0016

0.2335

0.7563

Evenness

KW

0.8516

0.3048

0.5123

Species Richness

KW

0.0000

0.0196

0.1386

A/B Cover

KW

0.0009

0.0015

0.1632

Perennial Cover

KW

0.0012

0.0000

0.3212

Intro Cover

KW

0.0000

0.0000

0.0036

Native Cover

KW

0.0118

0.0000

0.9816

Forb Cover

KW

0.0000

0.0106

0.0376

Graminoid Cover

KW

0.0054

0.0000

0.2822
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Table B.5 Fixed and random effects and associated P-value for dependent variables during the first year post-treatments. A KruskalWallis (KW) test was used on dependent variables that failed to meet normality. ANOVA was used on variables that were normal.
Exclosure and plot were treated as random factors in the mixed model ANOVA and plot was nested inside of exclosure.

2018
Dependent Variables

Analysis
type

Biomass

KW

Floristic Quality Index

Season

Treatment

Pasture

TRT*PAS

TRT*SEA

PAS*SEA

TRT*PAS*SEA

---

0.0033

0.002

---

---

---

---

Anova

0.0000

0.0065

0.0001

0.7742

0.9758

0.1624

0.1248

% Vegetation Cover

KW

0.0001

0.0000

0.0000

---

---

---

---

% Litter Cover

KW

0.6891

0.0000

0.1637

---

---

---

---

% Bare Soil

KW

0.6432

0.0000

0.1529

---

---

---

---

Vegetation Height

Anova

0.0082

0.0000

0.0001

0.0565

0.4266

0.2330

0.7080

Litter Depth

KW

0.9006

0.0000

0.0012

---

---

---

---

Diversity

Anova

0.0482

0.0080

0.0196

0.0571

0.2726

0.0246

0.9790

Evenness

Anova

0.0995

0.2761

0.0595

0.0195

0.2732

0.0015

0.9685

Species Richness

KW

0.0000

0.0000

0.1362

---

---

---

---

A/B Cover

KW

0.4868

0.0000

0.8920

---

---

---

---

Perennial Cover

KW

0.2343

0.0193

0.0000

---

---

---

---

Introduced Cover

KW

0.0835

0.0000

0.0206

---

---

---

---

Native Cover

KW

0.1982

0.0282

0.0000

---

---

---

---

Forb Cover

KW

0.0003

0.0132

0.0127

---

---

---

---

Graminoid Cover

KW

0.0718

0.0097

0.0000

---

---

---

---
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Table B.6 Dependent variables response to treatment in 2017. All Dependent variables
failed to meet normality and were tested using a Kruskal-Wallis test (KW) on Medians.
Different letters indicate a significant difference among treatments for each dependent
variable.

2017
Dependent Variables
Biomass

Analysis Test
KW

CG

WF

45.53

Floristic Quality Index

KW

11.18

% Vegetation Cover

KW

53.00

A

25.00

C

40.00

B

0.0000

% Litter Cover

KW

95.00

A

0.00

C

80.00

B

0.0000

% Bare Soil

KW

2.00

C

80.00

A

7.50

B

0.0000

Vegetation Height

KW

27.00

A

15.00

C

17.00

B

0.0000

Litter Depth

KW

4.00

A

0.00

C

1.00

B

0.0000

Diversity

KW

1.01

Evenness

KW

0.56

Species Richness

KW

6.00

A

5.00

B

6.00

A

0.0196

A/B Cover

KW

0.01

A

0.00

B

0.00

B

0.0015

Perennial Cover

KW

46.25

A

20.85

B

37.85

A

0.0000

Intro Cover

KW

0.38

A

0.00

B

0.00

B

0.0000

Native Cover

KW

43.00

A

21.00

B

35.06

A

0.0000

Forb Cover

KW

2.01

A

1.10

B

1.02

AB

0.0106

Graminoid Cover

KW

45.55

A

18.75

B

35.60

A

0.0000

A

21.32

WPG
C

11.10

34.08

P-Value
B

11.18

0.99

0.7111

1.07

0.61

0.0000

0.2335

0.63

0.3048
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Table B.7 Dependent variables response to treatment in 2018. Median is represented for
all dependent variables using a Kruskal-Wallis test (KW). Mean is represented for all
dependent variables that met normality and were analyzed using ANOVA. Different
letters indicate a significant difference among treatments for each dependent variable.

2018
Dependent Variables
Biomass

Analysis Test

CG

KW

58.02

A

48.45

B

54.15

A

0.0033

Floristic Quality Index

ANOVA

13.55

A

12.72

B

13.69

A

0.0065

% Vegetation Cover

KW

55.00

A

45.00

B

55.00

A

0.0000

% Litter Cover

KW

95.00

A

3.00

C

90.00

B

0.0000

% Bare soil
Vegetation Height
Litter Depth

WF

WPG

P-Value

KW

1.00

C

75.00

A

4.50

B

0.0000

ANOVA

32.71

A

27.99

B

28.57

B

0.0000

KW

4.00

A

0.50

C

1.00

B

0.0000

Diversity

ANOVA

1.07

A

0.93

B

1.15

A

0.0080

Evenness

ANOVA

0.48

Species Richness

KW

9.00

A

0.46
8.00

B

0.50
9.00

A

0.2761
0.0000

A/B Cover

KW

1.88

A

0.15

B

1.51

A

0.0000

Perennial Cover

KW

45.68

A

37.61

B

43.44

A

0.0193

Intro Cover

KW

3.00

A

Native Cover

KW

42.82

Forb Cover

KW

2.80

Graminoid Cover

KW

45.00

0.04

B

1.01

A

0.0000

37.95

B

44.04

A

0.0282

A

1.81

B

2.50

AB

0.0132

A

36.15

B

42.00

A

0.0097

AB
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CG

WF

WPG

0.7

Shannon Evenness

0.6
0.5
0.4
0.3
0.2
0.1

P=0.0195

0
Pasture 3

Pasture 5

Pasture 6

Figure B.1 Significant two-way interaction between treatment and pasture for Shannon’s
measure of evenness. Treatments included conventional continuous season-long summer
grazing, wildfire, and heavy winter grazing. Evenness was recoreded at the plot level and
averaged for each exclosure/treatment (mean ± standard error).
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Figure B.2 Significant two-way interaction between season and pasture for Shannon’s
measure of evenness. Treatments included conventional continuous season-long summer
grazing, wildfire, and heavy winter grazing. Evenness was recoreded at the plot level and
averaged for each exclosure/treatment (mean ± standard error).

